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The  noise  from  small-arms  firing  at  Army  rifle  ranges  can 
disturb  the  surrounding  community,  generating  complaints 
and  attempts  to  curtail  necessary  training  activities.  The 
U.S.  Army  Construction  Engineering  Research  Laborato¬ 
ries  (USACERL)  is  developing  methods  to  reduce  such 
noise  disturbances. 

This  investigation  experimentally  and  analytically  com¬ 
pared  the  rifle  range  noise  reduction  of  barriers  and 
partial  enclosures.  The  barrier  was  a  wall  located  behind 
the  firing  line,  and  the  partial  enclosure  was  an  open  front 
shed  with  the  firing  line  located  within  the  shed.  Results 
of  the  experiments  showed  that  the  shed  did  not  outper- 
fonn  the  rear  wall,  a  significant  outcome  because  walls 
are  less  expensive  to  build  than  sheds.  Evidence  sub¬ 
stantiates  that  this  is  primarily  a  consequence  of  gun 
muzzle  blast  directivity. 

Barrier  design  curves  were  also  generated  by  experimen¬ 
tal  algorithm.  The  optimum  distance  from  rifle  to  rear  we^l 
for  maximum  insertion  loss  was  calculated  to  be  about 
5  m  for  the  test  configuration.  An  investigation  into  the 
effect  of  sound  wave  interaction  with  the  ground  on 
achieved  noise  reduction  at  the  test  site  showed  that 
excess  attenuation  for  a  propagation  path  close  to  the 
ground  can  substantially  reduce  achiev^  barrier  insertion 
loss. 
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COMPARISON  OF  BARRIERS  AND  PARTIAL  ENCLOSURES  FOR 
RIFLE  RANGE  NOISE  REDUCTION 


1  INTRODUCTION 


Background 

Small  arms  (rifles  and  pistols)  are  fired  extensively  at  rifle  ranges  for  military  and  law  enforcement 
training,  and  for  recreational  and  competitive  shooting.  The  noise  of  such  firing  can  disturb  the 
surrounding  community,  which  can  lead  to  noise  complaints  and  attempts  to  curtail  the  firing  activity. 
The  Environmental  Acoustics  Team  of  the  U.S.  Army  Construction  Engineer  ig  Research  Laboratories 
(USACERL)  is  developing  methods  to  reduce  such  noise  disturbance. 

A  number  of  noise  events  are  associated  with  gunfire.  Minor  contributors  to  far  field  noise  include 
propellant  gas  escaping  at  locations  other  than  tte  muzzle,  bullet  wake  noise,  noise  from  actuating  gun 
mechanisms,  and  noise  due  to  a  projectile  hitting  a  target.  The  most  important  noise  events  for  small  arms 
are  normally  the  muzzle  blast  noise  and  a  bow  shock  (sonic  boom)  associated  with  a  supersonic  projectile. 
The  projectile  bow  shock  noise  is  important  only  in  a  portion  of  the  noise  field  forward  of  the  gun  unless 
structures  are  present  that  reflect  the  bow  shock  noise  to  the  rear  (Pater  1981).  The  noise  event  of  primary 
interest  to  this  investigation  was  the  muzzle  blast  noise  to  the  rear  of  a  rifle  range. 

One  way  to  reduce  noise  exposure  is  to  use  a  noise  barrier.  Figure  1*  shows  sound  propagation 
paths  from  source  to  receiver  with  and  without  a  barrier.  The  amount  of  sound  energy  diffracted  to  a 
receiver  located  in  the  shadow  zone  depends  on  the  frequency  of  the  sound,  the  size  of  the  barrier,  and 
the  juxtaposition  of  source,  receiver,  and  barrier.  At  lower  frequencies,  more  sound  energy  is  diffracted 
around  a  barrier  of  given  size,  yielding  less  noise  reduction.  Noise  shielding  structures  such  as  partial 
enclosures  and  walls  can  be  useful  for  small  arms  because  the  acoustic  energy  is  concentrated  at  higher 
frequencies,  so  that  barriers  of  moderate  size  can  provide  effective  noise  shielding. 

The  quantity  used  to  characterize  the  amount  of  noise  reduction  achieved  by  a  noise  barrier  is 
“insertion”  loss,  defined  as  the  difference  in  sound  levels  before  and  after  the  installation  of  a  sound- 
reducing  structure  (American  National  Standards  Institute  [ANSI]  S12.9-1987).  In  general,  a  noise  barrier 
is  not  characterized  by  a  single  value  of  insertion  loss;  rather,  the  insertion  loss  due  to  diffraction  effects 
will  vary  with  azimuth  and  with  distance.  In  addition,  sound  wave  propagation  and  ground  interaction 
conditions  can  cause  substantial  variation  in  the  achieved  insertion  loss  of  a  given  barrier  for  a  given  noise 
source. 

A  previous  USACERL  study  investigated  the  noise  from  small  arms  rifle  ranges  (McBryan  1978), 
and  a  more  recent  study  suggested  possible  methods  to  mitigate  this  noise  (Eldred  1990).  One  technique 
that  seemed  promising  for  reducing  noise  in  the  region  to  the  rear  of  the  range  was  to  partially  enclose 
the  firing  line  in  an  open-front  shed.  A  recent  study  found  that  a  firing  shed  that  partially  encloses  the 
firing  line  can  provide  significant  noise  reduction  in  the  region  behind  the  firing  line;  but  also  indicated 
that  source  directivity  must  also  be  considered  (Pater  1992).  Directivity  refers  to  the  fact  that  some 
sources  do  not  radiate  acoustic  power  equally  in  all  directions.  Figure  2  shows  that,  at  a  given  distance, 
a  gun  typically  exhibits  its  greatest  noise  level  directly  ahead  of  the  gun,  and  noise  levels  that  decrease 


All  figures  and  tables  are  included  at  the  end  of  their  associated  chapter. 
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at  increasing  angles  from  the  direction  of  fire,  to  a  minimum  level  directly  behind  the  gun  (Schomer  1979; 
Pater  1981). 

Preliminary  calculations  for  nondirective  sources  showed  that  the  partial  enclosure  should  provide 
significantly  more  insertion  loss  than  the  wall.  However,  for  source  directivity  typical  of  rifles,  the 
calculations  predicted  that  the  shed  and  a  simple  rear  wall  of  similar  height  would  yield  ^>im>ximately 
equal  insertion  loss  (Pater  1992).  In  this  situation,  gun  directivity  causes  the  field  strength  at  the  barrier 
edge  to  be  greater  than  that  of  a  nondirective  source  having  equ^  field  strength  in  the  direct-to-receiver 
direction,  resulting  in  reduced  insertion  loss.  This  increase  in  field  strength  at  the  barrier  edge  is  greater 
for  the  partial  enclosure  than  for  the  rear  wall  because  of  the  smaller  angle  between  the  direction  of  fire 
and  the  azimuth  to  the  barrier  edge  (Figures  2  and  3),  so  that  the  directivity  causes  a  larger  reduction  in 
insertion  loss  for  the  shed  than  for  the  wall.  This  information,  combined  with  the  fact  that  a  wall  is  less 
expensive  to  construct  than  a  firing  shed,  indicated  a  need  for  further  investigation  of  these  two  noise- 
reduction  methods. 


Objectives 

The  ultimate  motivation  for  this  rifle  range  noise  mitigation  effort  is  to  help  preserve  Army  training 
capability.  The  specific  objectives  of  this  study  were  to  experimentally  test  and  compare  the  rifle  range 
noise  reduction  performance  of  a  partial  enclosure  of  the  firing  line  (open  front  firing  shed)  with  that  of 
a  simple  wall  barrier  located  behind  the  firing  line. 


Approach 

Theoretical  insertion  loss  values  of  the  shed  and  wall  were  calculated  by  two  analytical  techniques: 
a  method  based  on  the  Federal  Highway  Administration  (FHWA)  highway  barrier  design  algorithm,  and 
a  classical  diffraction  analysis  in  a  spherical  coordinate  system.  A  direct  experimental  comparison  was 
also  made  of  the  insertion  loss  of  the  two  structures.  A  partial-enclosure  firing  shed  was  designed  and 
constructed.  Measurements  were  made  of  the  insertion  loss  due  to  the  shed,  using  the  muzzle  blasts  of 
S.S6  mm  rifles  as  sound  sources.  To  minimize  differences  in  site  characteristics  for  the  shed  and  the  wall, 
the  shed  was  also  used  as  a  wall  barrier  by  relocating  the  rifle  an  ^propriate  distance  forward  of  the  front 
of  the  shed. 

The  resultant  experimental  data  were  analyzed  to  determine  the  relative  noise  reduction  successes 
of  the  two  structures,  and  to  compare  calculated  values  with  experimental  measurements  of  insertion  loss. 
Sound  attenuation  as  a  function  of  sound  path  height  above  the  ground  was  also  experimentally  studied 
at  the  field  site  to  help  evaluate  the  insertion  loss  results. 


Mode  of  Technology  Transfer 

The  results  of  this  study  will  be  used  in  planning  and  design  of  rifle  ranges.  The  information  will 
be  furnished  to  the  Army  Environmental  Hygiene  Agency  (AEHA)  to  help  Army  installations  resolve 
specific  noise  mitigation  problems.  These  results  will  also  be  disseminated  through  technical  p^rs  and 
journal  articles,  and  will  be  incorporated  into  a  planned  handbook  of  noise  mitigation  techniques  for  Army 
noise  sources. 
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FSEL  DIRECTIVITY  (dB)  re.  180' 


SOURCE  LOCATION,  WALL  CASE  (S>0) 


Figure  1.  Propagation  Paths  and  Source  Locations  for  Firing  Shed  Experiments. 
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0  30  60  90  120  150  180 

ANGLE  FROM  DIRECTION  OF  FIRE  (DEGREES). 


Figure  2.  Assumed  Model  for  Gun  Muzzle  Blast  Far  Field  Directivity. 
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Table  1 


Mkropbone  Locadone  for  IiHcrtkn  L4ias  MeaaurciBciita 

Microphone  Locadoo  (Azimuth,  Range)  Rdadve  to: 


Mic.No. 

“A”*  Gun  «-lm 

Gun  #-lm 

“A”  Gun  #f5m 

‘V’  Gun  «4-5m 

ec)~ 

R  (m) 

ec) 

R(m) 

ec) 

R  (m) 

ec) 

R(m) 

1(S)“* 

ND 

ND 

1  m  Fwd  of  Roofline 

ND 

ND 

1  m  Fwd  of  Roofline 

2 

ND 

ND 

89.6 

150 

ND 

ND 

91.9 

150 

3 

89.6 

150 

ND 

ND 

91.9 

150 

ND 

ND 

4 

ND 

ND 

180 

80 

ND 

ND 

180 

86 

5 

180 

80 

119.6 

161 

180 

86 

1213 

164 

6 

119.6 

161 

ND 

ND 

121J 

164 

ND 

ND 

7 

ND 

ND 

180 

242 

ND 

ND 

180 

248 

8 

180 

242 

149.9 

279 

180 

248 

1503 

284 

9 

149.9 

279 

ND 

ND 

1503 

284 

ND 

ND 

10(S) 

ND 

ND 

90 

1.25  (Above) 

ND 

ND 

90 

1.25  (Above) 

11(S) 

90 

1.25  (Above) 

ND 

ND 

90 

1.25  (Above) 

ND 

ND 

*  “A”  Gun  is  the  unshielded  gun,  “B”  Gun  is  the  shielded  gun. 

**  Azimuth  angle  6  is  measured  counterclockwise  from  south,  which  is  the  basic  direction  of  fire. 
*’*  Source  mic. 

“Not  a  data  location.” 
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2  DESIGN  AND  CONSTRUCTION  OF  NOISE  MITIGATION  STRUCTURE 


The  experimental  shed  had  a  depth  of  6  m,  a  rear  wall  height  of  3  m,  a  roof  front  lip  height  of  7  m, 
and  side  walls  splayed  outward  to  avoid  internal  flutter  echo  (Figures  4  and  5).  The  gun  muzzle  was 
located  S  m  from  the  rear  wall  to  accommodate  the  gunners,  safety  officers,  and  troop  movement  behind 
the  firing  line.  The  gun  muzzle  was  located  1  m  behind  the  front  plane  of  the  shed.  The  height  of  the 
rear  wall  of  the  shed  (3  m)  was  chosen  to  accommodate  movement  of  troops  carrying  rifles.  On  an  actual 
rifle  range,  a  firing  shed  would  have  to  be  very  long  to  house  tiie  entire  firing  line.  (Scnne  outdoor  rifle 
ranges  are  as  wide  as  500  m.)  For  cost  consideration,  the  experimental  shed  was  constructed  20  m  long. 

The  experimental  shed  was  of  pole  building  constmction,  with  walls  and  roof  sheathed  with  16  mm 
thick  tongue-and-groove  waterproof  chipboard  sheets.  The  surface  mass  of  the  sheathing  was  about  10 
kg/m^.  To  prevent  sound  leakage,  the  walls  extended  about  0.1  m  below  grade  and  were  backfilled  with 
earth  and  sand,  and  all  openings  and  cracks  in  the  roof  and  walls  were  covered  and  caulked.  The  interior 
of  the  shed  was  covered  with  0.05  m  (2  in.)  thick,  48  kg  m’  (3  lb  per  cu  ft)  density,  Owens-Coming  Type 
703  fiberglass  board  sound  absorption  material  for  these  experiments.  Lining  the  shed  with  sound 
absorption  material  helps  minimize  sound  exposure  for  the  shooters  and  also  minimizes  additional  sound 
energy  radiated  from  the  shed  due  to  reflections  frmn  the  interior  surfaces. 


SIDE  VIEW  FRONT  VIEW 


Figure  4.  Firing  Shed  Dimensions  (in  Meters). 
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3  EXPERIMENTAL  ARRANGEMENT  AND  PROCEDURES  FOR  INSERTION  LOSS 
MEASUREMENTS 


Actual  guns  were  used  as  the  noise  sources  in  this  investigaticm  because  gunfire  exhibits  source 
directivity,  source  strength,  and  a  transient  waveform  diat  are  difficult  to  simulate.  The  noise  sources  were 
identical  S.S6  mm  Ruger  Mini- 14  rifles,  firing  recoitly  produced  commercial  ammunition  randomly 
selected  from  a  single  production  lot.  These  weapons  pro^ce  the  same  noise  signature  as  die  Army  M-16 
rifle. 


For  safety,  the  bullets  were  fired  into  bullet  traps  during  all  of  the  experiments.  The  bullet  traps 
were  wooden  boxes  about  0.S  m  square  by  0.7  m  long,  filled  with  flne  dry  sand,  with  a  steel  rear  wall 
safety  stop  (which  was  never  impacted)  and  a  thin  wood  front  panel  to  minimize  impact  noise.  The  front 
surface  of  each  bullet  tnq)  was  covered  with  a  double  layer  of  the  same  noise  absorption  material  used 
to  line  the  shed  to  reduce  noise  reflected  from  the  face  of  the  bullet  traps. 

Other  safety  precautions  used  during  the  experiments  included  provisions  for  hearing  protection, 
communications  among  Held  persormel  and  the  laboratmy  base  station  via  portable  radios,  and  a  cellular 
telephone  for  emergency  communications.  Rifle  range  safety  procedures  were  stringently  enforced.  The 
gunners  were  experienced  riflemen  who  fued  at  the  test  direct^’s  order. 

The  measured  insertion  loss  was  computed  as  the  difference  between  the  received  noise  level  fw 
shielded  and  unshielded  noise  sources.  The  noise  level  was  measured  for  shielded  and  unshielded  noise 
sources  under  conditions  as  nearly  identical  as  pr»:tical.  The  experiments  were  carried  out  in  a  large, 
level,  open  field  (Figure  6).  The  shed  and  the  microf^ones  were  located  on  grass-covered  strips  about 
30  m  wide,  separated  by  about  1 10  m  wide  strips  of  cropland.  Microphones  were  arrayed  to  measure  the 
noise  level  at  locations  of  interest.  An  unshielded  noise  source  identical  to  the  shielded  noise  source  was 
located  nearby,  with  a  matching  array  of  microphones.  Both  guns  were  fired  in  the  same  compass 
direction  to  minimize  wind  effect  differences  on  propagation.  C!are  was  taken  to  attain  ground 
characteristics  and  cover  as  similar  as  possible  for  corresponding  prt^gation  paths  for  die  two  guns.  At 
the  time  of  the  experiments  the  recently  mowed  grass  was  0.1  to  0.2  m  tall  and  the  cropland  was  covered 
by  a  thick  growth  of  soybean  plants  of  about  0.8  m  height  There  were  no  trees  or  other  structures  near 
enough  to  the  setup  to  affect  Ae  sound  propagation. 

The  experimental  arrangement  was  designed  to  determine  and  compare  the  small  arms  noise 
reduction  of  tire  firing  shed  and  a  wall  of  similar  size  located  behind  the  firing  line.  The  shed  was  used 
as  a  wall  by  moving  the  gun  forward  to  a  location  S  m  in  front  of  the  shed  (Figure  3).  This  procedure 
provided  a  “wall”  the  same  size  as  the  front  opening  of  the  shed  and  also  provided  for  essentially  identical 
propagation  paths  and  ground  characteristics  for  the  “wall”  and  the  shed.  It  was  assumed  that  the  shed 
used  as  a  wall  would  produce  substantially  the  same  noise  reduction  as  an  actual  wall  covered  with  sound 
absorption  material. 

The  lateral  location  of  the  shielded  gun  within  the  shed  was  halfway  between  the  ends  of  the  shed. 
For  the  shed  case,  the  gun  was  located  1  m  behind  the  front  plane  of  the  shed  (the  “-1  (minus  one)  meter” 
gun  location).  For  the  “wall”  case,  the  gun  was  located  5  m  forward  of  the  front  plane  of  the  shed  (to 
the  “+5  meter”  gun  location).  Table  1  lists  details  of  the  microphone  locations  relative  to  the  shielded  and 
unshielded  guns  for  both  gun  locations.  The  azimuth  of  microphone  location  is  specified  relative  to  the 
intended  direction  of  fire,  which  is  perpendicular  to  the  front  of  the  shed  (south).  The  gun  muzzles  were 
located  at  a  height  of  O.S  m  above  the  ground  surface.  The  actual  position  of  a  gim  muzzle  was  only 
known  within  several  centimeters  because  of  gun  recoil.  A  small  wooden  rod  driven  into  the  ground  was 
used  to  provide  the  gunners  a  reference  for  locating  the  gun  muzzle  for  each  shot.  When  the  location  of 
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Ac  shielded  gun  was  changed,  from  the  -Im  to  the  -t-Sm  location,  the  undiieided  gun  was  moved  an  equal 
distance  to  maintain  identical  microphone  locations  for  die  two  guns.  A  bullet  trap  was  located  a  distance 
of  8  to  10  m  in  front  of  each  gun  location  for  most  of  the  experimems. 

As  Figure  6  shows,  the  basic  direction  of  fire  was  south,  perpendicular  to  the  plane  of  the  barrier. 
To  experimoitally  dennonstrate  the  effect  of  a  change  in  source  dire^vity,  the  gims  were  also  fired  to  die 
west,  i.e.,  parallel  to  the  front  plane  of  the  shed.  This  changes  the  effect  of  source  directivity  on  die  field 
strength  pattern  at  the  barrier  edges,  as  is  discussed  in  more  detail  later  in  diis  report  Fm'  the  shielded 
gun  firing  west  the  bullet  trap  was  located  only  1  m  forward  of  the  muzzle  to  minimize  the  bow  shock, 
since  for  this  case,  the  bow  shock  could  intersect  with  and  diffract  around  the  edges  of  the  roof  and  wails 
and  introduce  complicating  arKitnalous  noise. 

During  data  acquisition  for  the  design  direction  of  fire  (south),  the  shielded  and  unshielded  guns 
were  frred  alternately  at  intervals  of  about  5  to  10  seconds  until  a  total  of  21  rounds  (1 1  unshielded,  10 
shielded)  had  been  fired,  to  obtain  sensibly  identical  average  atmospheric  propagation  conditions.  For  the 
west  direction  of  fire,  the  S  to  10-second  interval  could  not  safely  be  maintained  because  it  would  have 
placed  personnel  dowtuange  of  a  loaded  gun.  Instead,  a  series  of  10  rounds  was  fired  from  one  gun.  and 
the  other  gun  was  fired  as  soon  as  the  personnel  could  move  into  position  (typically  a  few  minutes). 

Figures  7  and  8  show  the  instrumentation  arrangement  used  to  measure  the  noise  event  at 
microphone  locations  2  through  9.  The  1/2-in.  condenser  microphones  were  mounted  with  axis  vertical 
with  the  diaphragm  located  1.22  m  above  the  ground  surface.  The  sound  level  meter  diown  in  Figure  7 
was  used  to  measure  sound  level  at  selected  true  locations  during  the  experiment;  the  values  were  recorded 
by  hand  for  field  judgment  of  data  validity  and  for  later  comparison  with  the  results  of  the  data  reduction. 

Each  noise  event  was  also  measured  by  piezoresistive  microphtMies  used  as  source  mics  located 
about  1  m  above  each  gun  muzzle  (mic  locations  10  and  1 1)  and  also  at  a  location  1  m  forward  of  the 
roofline  of  the  shed  (mic  location  1).  Table  1  lists  (tetails  of  tiiese  microphone  locations.  Figure  9  shows 
the  piezoresistive  microphone  system  used  at  these  locations. 

The  noise  events  were  recorded  on  digital  audio  tape  (DAT)  for  later  detailed  analysis.  A 
pistonphone  calibration  for  each  microphone  was  recorded  on  tape  before  and  after  a  series  of  experiments 
to  provide  a  reference  during  later  data  reduction.  A  pistonjrfione  was  also  used  to  check  the  system 
calilnation  periodically  during  the  experiments  and  any  time  a  system  was  moved  or  disturbed. 
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DOF  DOF 


Figure  6.  Experimental  Layout  Showing  Microphone  Array  for  Insertion  Loss  Experinmnts. 
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Pistonphone  calibrator, 

B  &  K  4220,  250  Hz,  124  dB 


Microphone,  B  &  K 1/2  inch  4149 
Preamplifier,  B  &  K  2639 


Microphone  power  supply, 
B&K2804 


Line  driver  /  amplifier 


Shielded  cable,  twisted  pair, 
up  to  250  meters  length. 

-  I  Sound  level  meter, 

I - 1  B&K2209 

Digital  Audio  Tape  Recorder, 
Panasonic  SV250 


Figure  7.  Condenser  Microphone  Instrumentation  System. 
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Pistonphone  calibrator, 

B  &  K  4220,  250  Hz,  124  dB 


Piezoresistive  pressure  transducer, 
Endevco  8550M1 


Preamplifier 


Power  supply  /  line  driver  /  amplifier 


Digital  Audio  Tape  Recorder, 
Panasonic  SV250 


Figure  9.  Piezoresistive  Microphone  Instrumentation  System. 
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4  EXPERIMENTAL  ARRANGEMENT  AND  PROCEDURES  FOR  GROUND  INTERACTION 
INVESTIGATION 


It  is  well  known  that  the  amount  of  attenuation  of  sound  energy  depends  (m  the  height  of  the 
propagation  path  above  the  ground  and  on  the  type  and  conditioi  of  soil  and  ground  cover  and  also  on 
meteorological  conditions  (Embleton,  1982).  The  propagation  path  for  the  sound  diffracted  around  the 
roofline  of  the  shed  is  higher  above  the  ground  than  the  direct  line-of-sight  propagatirm  path  for  the 
unshielded  gun  (Figure  1).  Often  the  higgler  path  experiences  less  attenuation  than  the  lower  path, 
resulting  in  a  reduction  in  insertion  loss  compared  to  what  would  occur  if  attenuation  due  to  ground 
interaction  were  small  or  were  not  accounted  for  in  calculations. 

An  experiment  was  performed  to  obtain  information  regarding  the  effect  of  sound  path  height  and 
ground  cover  at  the  experimental  site.  The  arrangement  was  designed  to  provide  a  line  of  sight  from  the 
gun  to  the  microphone  at  several  different  heights  above  the  ground,  over  both  grass  and  soybeans.  Figure 
10  shows  both  layouts.  The  direction  of  fire  was  south  for  both  ground  cover  cases.  Data  were  thereby 
obtained  at  90  degrees  from  the  line  of  fire  over  beans  and  over  grass. 

The  soybean  plants  were  mature  but  still  green  at  the  time  of  the  experiment  (1  August  1991),  with 
an  average  height  of  about  0.8  m,  and  were  thick  and  luxuriant.  The  grass  was  about  0.1  to  0.2  m  high 
between  the  mic  pole  and  the  gun,  with  a  patch  of  clover  about  0.2S  m  high  located  midway  between  the 
gun  and  mic  pole.  The  ground  surface  was  generally  quite  flat  and  level,  except  for  a  rise  of  several 
centimeters  midway  between  the  gun  and  mic  pole  for  die  grass  ground  cover  area. 

Various  sound  path  heights  were  obtained  by  using  four  microphone  heights  and  two  gun  heights. 
Figure  1 1  shows  the  two  gun  muzzle  heights  above  the  ground,  O.S  m  and  2.84  m,  and  Figure  12  shows 
a  typical  wooden  pole  on  which  the  microphones  were  mounted.  The  four  different  microphcme  heights 
used  were:  O.S  m  (19  in.),  1.22  m  (48  in.),  1.32  m  (S2  in.)  and  3.05  m  (120  in.).  Table  2  lists  the 
resulting  mean  path  heights  from  gim  to  mic.  Condenser  microphone  systems  used  to  take  these 
measurements  (Figure  7).  The  1.22  m  and  1.32  m  (48  in.  and  52  in.)  mic  heights  were  selected  to 
investigate  the  effect  of  errors  in  microphone  placement  at  the  nominal  height  used  at  the  insertion  loss 
field  measurement  locations.  The  piezoresistive  mic  systems  (Figure  9)  were  used  as  source  mics,  and 
were  typically  located  approximately  1.2  m  above  the  low  gun  and  below  the  high  gun. 

A  total  of  10  rounds,  spaced  at  intervals  of  a  few  seconds,  were  fued  for  each  combination  of  gun 
height  and  ground  cover.  The  noise  level  data  for  the  10  rounds  were  averaged  during  data  analysis  since 
short-term  variations  in  propagation  conditions  can  cause  considerable  scatter  in  noise  level  for  the  very 
short  duration  impulse  noise  of  rifles.  Bullets  traps  were  used  at  a  distance  of  approximately  15  m  for 
all  configurations. 
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Figure  10.  Layout  for  the  Ground  Interaction  Experiments. 
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Figure  11.  Firing  Positions  for  the  Ground  Interaction  Experiments. 
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Figure  12.  Microphone  Pole  Used  for  the  Ground  Interaction  Experiments. 


25 


Table  2 


Mean  Propagation  Pi^h  Heighta 
for  Ground  Interaction  Eapertaents 


Mk 

Height  (m) 

Gan 

Height  (m) 

Mean  Phth 
Height  (b) 

0^ 

0.5 

03 

1^ 

03 

0.86 

1.32 

03 

0.91 

3.03 

03 

1.78 

0.5 

2.84 

1.67 

1.22 

2.84 

2.03 

1.32 

2.84 

2.08 

3.05 

2.84 

2.95 

Note:  Distance  ftoin  gun  to  mic  pde  110  m. 
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5  DATA  REDUCTION 


The  sound  level  parameters  used  were  peak  flat  sound  pressure  level  (PSPL),  A-weighted  sound 
exposure  level  (ASEL)  and  flat  (unweighted)  sound  exposure  level  (FSEL),  with  20  microPascals  as  the 
reference  for  sound  jnessure  level  (ANSI  Sl.4-1983).  Sound  exposure  is  defined  as  die  time  integral  of 
the  squared  pressure,  which  is  taken  to  represent  the  total  acoustic  energy  of  an  impulsive  noise  waveform. 

Figure  13  shows  the  data  reduction  system.  The  digitizing  transient  waveform  analyzer  (TWA)  was 
remotely  controlled  with  a  computer  program  written  for  die  purpose,  via  an  IEEE-488  interface.  Sound 
pressure  level  values  were  measured  by  playback  of  die  DAT-recorded  waveform  into  die  TWA,  where 
the  waveform  was  cultured  and  digitized.  Typical  capture  parameters  included  sample  intervals  of  5 
microseconds  and  4K  samples,  for  a  time  window  length  of  about  20  milliseccmds,  which  was  longer  than 
the  duration  of  any  of  the  events  recorded.  A-weighting  was  obtained  when  desired  by  passing  the  signal 
through  an  appropriate  filter  before  entry  into  the  TWA.  Utilities  built  into  the  TWA  were  used  to  extract 
the  peak  value  and  also  to  calculate  sound  exposures  by  squaring  and  integrating  die  digitized  records  (flat 
and  A-weighted).  The  resulting  values  were  sent  via  the  488  bus  to  the  computer  where  die  level  was 
computed  for  each  event.  The  recorded  standardized  pistonphone  signal  for  each  microirfione  was  used 
as  the  reference  level  for  calculating  sound  levels.  The  computer  program  also  calculated  mean  levels  for 
each  block  of  data.  All  calculation  of  mean  sound  levels  was  done  on  an  energy  basis,  that  is,  using  the 
square  root  of  the  average  of  pressure  squared  values. 

The  same  data  reduction  system  was  used  to  obtain  spectra.  An  FFT  (fast  Fourier  transform) 
algorithm  built  in  to  the  TWA  was  used  to  obtain  a  narrow  band  power  spectrum  for  a  specific  digitized 
waveform  record.  The  resulting  narrow  band  spectrum  digital  file  was  transmitted  via  the  488  bus  to  the 
computer,  where  it  was  transformed  into  an  approximate  1/3  octave  spectrum  (.\NSI  SI. 6- 1967)  from  31.S 
Hz  to  16  kHz  by  appropriately  adding  the  narrow  band  power  values  (using  a  commercial  spreadsheet 
program).  This  procedure  results  in  only  an  approximate  1/3  octave  band  spectrum  since  the  edges  of  the 
standard  1/3  octave  frequency  bands  do  not  coincide  exactly  with  the  edges  of  the  constant  width  narrow 
bands.  Typical  parameter  values  used  were  a  sample  interval  of  20  microseconds  and  16K  samples,  which 
resulted  in  a  time  window  length  of  0.384  seconds,  which  yielded  a  narrow  band  power  spectrum  with 
bandwidth  of  about  3  Hertz  and  an  upper  limit  of  2S  KHZ.  This  upper  limit  is  equate  since  human 
response  requites  consideration  of  frequencies  only  up  to  about  20  KHz.  The  narrow  band  spectrum 
bandwidth  of  about  3  Hz  allowed  accurate  approximation  of  1/3  octave  bandwidths. 
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Figure  13.  Data  Reduction  System. 
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€  DISCUSSION  OF  RESULTS 


Analytical  Insertioa  Loss  Results 

Calculated  results  done  f(»  a  previous  study  (Pater  1992),  obtained  using  an  approximate  diffraction 
algorithm  adapted  frcrni  the  Federal  Highway  Administration  (FHWA)  barrier  design  algorithm,  indicated 
that  source  directivity  can  have  a  significant  effect  on  the  insertion  loss  of  barriers  and  partial  enclosures. 
The  calculated  results  indicated  that,  for  a  nondirectional  source,  die  shed  provides  about  4  dB  mme 
insertion  loss  to  the  rear  than  does  the  wall.  The  indicated  effect  of  rifle  directivity  was  an  8  dB  reduction 
in  shed  insertion  loss  and  a  3  dB  reduction  in  wall  insertion  loss;  the  net  effect  is  diat,  for  rifles,  die  wall 
yields  1  dB  nKMo  insertion  loss  than  does  the  shed. 

These  previously  reported  calculated  results  used  a  source  sound  exposure  level  (SEL)  spectrum 
assumed  to  be  refnesentative  of  small  arms.  This  spectrum  was  obtained  from  experimental  data  at  about 
100  m  from  the  gun  over  sandy  soil.  The  calculations  were  repeated  as  part  of  the  current  investigation, 
using  a  source  spectrum  obtained  during  the  current  investigation  that  more  accurately  represents  the 
source  spectrum  as  it  qqiears  at  the  barrier  edge.  Figure  14  shows  the  two  source  spectra  as  relative 
spectra,  that  is,  each  bind  sound  exposure  is  ncxmalized  by  die  total  broad  band  sound  exposure.  The 
spectra  are  presented  both  with  and  without  “A”  frequency  weighting. 

Appendix  A  gives  die  FHWA  diffraction  algorithm  and  modifications  that  were  made  to  the 
algorithm  to  account  for  source  directivity  and  finite  barrier  length.  Appendix  A  also  presents  tables  of 
calculated  results  obtained  using  the  new  spectrum.  Unless  otherwise  noted,  all  calculations  are  for  a 
structure  height  of  7  m,  source  height  of  0.5  m,  and  receiver  height  of  1.22  m  (equal  to  die  values  used 
in  the  experiments).  A  brief  description  of  the  algcaithm  and  representative  results  are  (nesoited  and 
discussed  below. 

The  algorithm  models  attenuation  as  a  functitxi  of  ncmdimensional  path  length  difference,  which  is 
the  difference  between  the  direct  and  diffracted  paths  from  source  to  receiver  (Figure  I).  For  purposes 
of  the  calculations,  it  was  assumed  that  the  spectral  oiergy  distribution,  which  is  the  relative  source 
spectrum  given  in  Figure  14,  does  not  change  with  azimuth  from  the  direction  of  fire.  That  is,  directivity 
is  assumed  to  consist  of  change  with  azimuth  of  broadband  SEL,  but  the  spectral  energy  distributicHi  is 
assumed  to  be  invariant.  The  validity  of  this  assumption  is  uncertain  due  to  lack  of  pertinent  infomuition. 
Directivity  was  accounted  for  simply  by  modifying  the  value  of  received  broadband  acoustic  energy 
according  to  the  difference  in  broadband  source  strength  (expressed  in  terms  of  sound  exposure  level)  due 
to  directivity  for  the  directions  of  the  direct  and  diffracted  pa^s.  Note  that  this  procedure  is  not  rigorously 
correct  in  general  and  must  be  used  with  caution.  It  can  be  used  with  some  measure  of  confldence  for 
cases  that  have  been  corroborated  experimentally  or  by  some  other  rigorous  analytical  techniques. 

The  algorithm  strictly  applies  to  barriers  of  infinite  length.  It  is  used  here  to  calculate  inserticMi  loss 
of  finite  barriers  such  as  the  experimental  structure  by  first  calculating  the  insertion  loss  due  to  each  edge 
as  if  it  were  of  infinite  length.  A  value  for  the  overall  insertion  loss  of  the  fmite  stmcture  is  then  obtained 
by  summing  the  spectral  band  intensities  for  ail  three  (infinitely  long)  edges  (Appendix  A).  This 
procedure  is  tantamount  to  assuming  that  the  most  important  contribution  to  the  sound  intensity  arriving 
at  the  receiver  around  each  infinite  edge  is  due  to  a  portion  of  that  edge  that  is  present  in  the  finite 
structure.  This  may  be  a  reasonable  assumption  when  the  receiver  is  far  from  the  barrier  and  the  source 
is  close  to  the  barrier.  The  effect  of  directivity  on  the  distribution  of  field  strength  along  a  barrier  edge 
is  also  of  potential  importance.  This  procedure  is  an  approximation  and  could  conceivably  lead  to 
inaccurate  results  if  not  used  judiciously. 
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Figure  IS  shows  calculated  effects  on  the  assumed  source  spectrum  due  to  “A”  fitecpiency  weighting 
and  due  to  diffraction  of  the  sound  around  die  top  edge  of  an  infinitely  kmg  shed,  for  180-degiee  azimuth. 
The  attenuation  due  to  diffraction  increases  with  frequency.  The  effect  of  “A”  frequency  weighting  on 
calculated  insertion  loss  is  of  particular  interest,  since  A  wei^idng  is  generally  used  to  emphasize  diose 
frequencies  to  which  die  human  audiUM^  system  is  most  sensitive. 

The  A-weighted  insertion  loss  is  die  difference  in  A-weighted  noise  level  widi  and  without  the 
barrier.  Examination  of  calculated  results  |»esented  in  Af^iendix  A  and  in  the  text  below,  for  bodi  an 
infinitely  long  and  a  20-m  long  structure,  will  show  that  A-wei^ted  insertion  loss  to  the  rear  is  generally 
about  2.2  dB  greater  than  unwei^ted  insertion  loss.  Figure  IS  explains  diis.  The  A-weighted  source 
spectrum  of  Figure  IS  has  a  total  broadband  SEL  (sound  exposure  level)  that  is  0.S  dB  lower  than  dut 
of  the  unweighted  source  spectrum.  The  diffracted  spectrum  has  a  different  spectral  energy  distribution, 
widi  the  result  that  the  A-weighted  diffracted  spectrum  laoadband  SEL  is  2.8  dB  lower  than  diat  of  die 
unweighted  diffracted  spectrum.  The  difference,  2.3  dB,  is  die  amount  by  which  A-wei^ted  insertion  loss 
exceeds  unweighted  insertitm  loss.  Bear  in  mind  that  spectral  energy  distribution  can  also  be  affected  by 
other  phenomena,  such  as  interactitm  of  sound  waves  widi  the  ground,  and  the  attenuation,  scattering,  and 
refraction  that  occur  during  propagation  of  sound  waves  through  the  atmosphere.  These  can  lilrewise 
cause  changes  in  the  acoustic  power  spectrum  that  resuh  in  differences  between  A-weighted  and 
unweighted  insertion  loss  values. 

A  set  of  calculations  were  carried  out  to  determine  the  effect  of  location  of  the  source  relative  to 
the  barrier.  Summary  presentations  of  calculated  insetticm  loss  results  (unweighted)  at  ISO-degree  azimudi 
for  a  wide  range  of  gun  locations,  for  both  isotropic  and  gun  directivity  sources,  taken  from  Tables  A3 
and  A4  (Appendix  A),  are  shown  in  Figure  16  for  a  shed  of  infinite  length,  and  in  Figure  17  for  a  shed 
of  finite  (20  m)  length.  The  calculations  are  for  a  barrier  height  of  7  m  and  source  height  of  0.S  m.  In 
these  figures,  the  abscissa  is  the  source  axial  location  referenced  to  the  shed  front  plane,  a  directed 
distance  represented  by  the  symbol  “S.”  A  value  greater  than  zero  corresponds  to  a  wall  located  behind 
the  gun,  while  a  value  less  than  zero  represents  tiM  gun  located  within  the  shed.*  The  source  directivity 
causes  a  reduction  in  insertion  loss  compared  to  that  of  a  ncmdirective  source.  The  magnitude  of  the  effect 
of  directivity  diminishes  as  the  gun  is  located  further  downrange  from  the  barrier,  because  the  angle  from 
the  liiK  of  fire  to  the  receiver  becomes  more  nearly  equal  to  the  angle  frmn  die  line  of  fire  to  the  barrier 
edge,  i.e.,  directivity  causes  very  little  increase  in  the  field  strength  at  the  barrier  edge  (Figure  2).  The 
diffraction  model  may  not  be  valid  for  large  magnitude  negative  values  of  S,  for  which  the  configuration 
begins  to  resemble  a  source  located  in  a  duct.  Note  that  the  optimum  juxtaposition  of  gun  and  barrier, 
at  least  for  this  particular  barrier  height  and  assumed  source  directivity,  is  in  the  vicinity  of  S  =  Sm,  that 
is,  a  wall  located  5  m  behind  the  gun. 

The  calculated  results  of  immediate  interest  for  comparison  with  experimental  results  are  for  S  = 
-t-Sm  (wall)  and  -Im  (shed),  for  the  experimental  barrier  and  source  parameter  values.  The  calculated 
results  for  these  two  cases  (nondirective  and  gun  directivity  sources)  for  the  ISO-degree  azimuth  (directly 
to  the  rear),  are  detailed  in  Appendix  A  and  summarized  in  Table  3  for  a  structure  of  infinite  length,  and 
in  Table  4  for  a  structure  of  20m  length.  Calculations  were  carried  out  for  two  distances  along  the  180- 
degree  azimuth,  ccnrespcHiding  to  microphone  locations  of  the  experiments.  The  results  for  the  two 
distances  were  virtually  identical  in  all  cases.  Recall  that,  in  one  of  the  experimental  configurations  the 
gun  was  fired  in  a  direction  parallel  to  the  shed  frcsit,  to  demonstrate  experimentally  that  a  change  in 
source  directivity  can  affect  insertion  loss.  Insertion  loss  calculations  were  therefore  performed  for  both 
gun-firing  directions  (perpendicular  to  and  parallel  to  the  barrier). 


To  be  physically  meaningful,  of  course,  the  shed  depth  must  be  greater  than  the  distance  the  gun  is  located  behind  the  shed 
front. 
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The  calculated  insertion  loss  values  a  structure  of  infinite  letigdi  (Table  3)  are  generally  about 
3  to  4  dB  hi^  than  for  a  structiue  20in  long  (Table  4).  This  result  seems  reasonable,  since  die 
reduction  of  insertion  loss  would  be  about  5  dB  (diielded  case  insonification  increased  by  a  Actor  of  3) 
if  tire  contribution  to  total  intensity  at  the  receiver  were  equal  for  each  of  the  three  et^es.  Since  die  field 
strength  at  the  two  endwall  edges  should  be  somewhat  smaller  than  at  the  top  edge,  die  actual  retfaiction 
in  insertion  loss  duxild  be  smnewhat  smaller. 

The  calculated  effect  of  directivity  on  insertion  loss  for  the  gun  firing  perpendicular  to  the  shed  are 
similar  for  the  infinite  length  and  the  2B-m  length  configurations.  These  results  agree  well  widi  die  results 
of  the  previous  investigation  described  in  the  first  panigra|di  of  this  chapter,  which  woe  (ditaiired  for  a 
sonrewhat  different  source  ^rectmm.  Reiterating,  die  shed  yields  about  4  dB  more  insertian  loss  for  a 
nondirective  source.  For  a  source  with  the  assumed  rifle  dire^vity,  the  wall  yields  about  1  dB  more  dun 
the  shed.  The  indicated  effects  of  directivity  are  to  reduce  the  insertion  loss  of  the  shed  by  about  8  dB 
and  of  the  wall  by  about  3  dB. 

The  results  of  this  algorithm  may  not  be  valid  when  applied  to  the  case  of  a  gun  firing  parallel  to 
the  barrier  since  the  model  was  not  develc^red  for  this  case.  For  the  gun  firing  parallel  to  die  barrier,  the 
field  strength  varies  along  the  top  edge  of  the  barrier  in  a  nonsymmetrical  way  relative  to  the  mid-length 
point.  That  is,  the  point  of  maximum  field  strength  along  die  barrier  edge  does  not  lie  on  die  shortest  padi 
around  the  barrier  edge  from  source  to  receiver.  Tabte  3,  the  infinite-lragdi  shed  case,  indicates  insertion 
loss  values  equal  to  the  nondirective  source  values.  The  results  of  Table  4,  for  die  finite  length  shed, 
indicate  that  this  case  yields  insertion  loss  values  that  lie  between  those  of  the  other  two  directivity  cases. 

The  insertion  loss  is  of  course  of  interest  at  azimuths  odrer  than  180  degrees.  Figures  18  to  25  show 
a  variety  of  calculated  results  from  Table  A2  of  Appendix  A,  for  the  azimudis  used  in  the  experiments. 
These  grafdis  all  diow  die  variatitHi  of  calculated  insertion  loss  vs.  azimuth  angle  measured  from  die 
intended  firing  direction,  which  is  die  direction  perpendicular  to  the  front  plane  of  the  shed.  Calculated 
insertion  loss  results  are  presented  fire  each  edge  of  dw  structure,  treated  as  if  it  were  die  edge  of  an 
infinitely  long  barrier.  A|^oximate  values  for  the  overall  insertion  loss  of  the  finite  structure  were 
oUained  by  summing  the  spectral  band  intensities  for  ail  three  (infinitely  long)  edges,  as  discussed  earlier. 
Comparing  the  curves  shows  die  relative  influence  of  each  edge  on  the  overall  insertion  loss  at  each 
azimuth.  The  finite  barrier  length  must  be  considered  during  interpretation  of  these  results.  The  azimudi 
to  the  vertical  edge  of  the  end  wall  of  die  structure  is  84.3  degrees  for  the  -Im  gun  location  (shed  case) 
and  1 16.6  degrees  for  the  +5m  location  (wall  case). 

Figure  18  shows  unweighted  insertion  loss  results  for  the  -Im  gim  location  (the  experimental  shed 
crreifiguration)  with  the  gun  firing  perpendicular  to  the  front  of  the  shed,  and  Figure  19  (reesents  the  A- 
weighted  results  for  the  same  case.  These  predict  the  insertimi  loss  to  be  approximately  cmistant  from 
120  to  180  degrees  azimuth,  at  a  value  of  16  to  17  dB  unweighted  and  about  19  dB  A-weighted.  The 
insertion  loss  is  lower  at  90  degrees  because  less  shielding  is  provided  by  the  endwall.  The  unwei^ted 
and  A-weighted  insertion  loss  values  at  90  degrees  are  different  by  only  1  dB  because  diffraction  effects 
on  the  spectrum  are  smaller. 

Figure  20  presents  results  for  the  experimental  shed  configuration  for  a  nondirective  source. 
Insertion  loss  values  are  about  8  dB  higher  at  180  degrees  corrqrared  to  the  gun  firing  perpendicular  to 
the  shed  front,  as  discussed  earlier,  the  difference  is  progressively  less  as  the  azimuth  angle  decreases 
toward  90  degrees  since  the  effect  of  gun  directivity  becomes  smaller. 

Figure  21  presents  results  for  the  +5m  gun  location  (the  experimental  wall  case)  for  the  gun  firing 
perpendicular  to  the  wall.  Here  the  insertion  loss  is  zero  for  the  9()-degree  azimuth  since  the  receiver  does 
not  lie  in  or  near  the  acoustic  shadow  of  the  wall.  The  insertion  loss  is  small  at  120  degrees  since  tfits 
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azimuth  lies  near  die  line  of  sight  to  the  end  of  the  wall.  At  180  degrees,  the  insertion  loss  is  about  18 
dB,  or  about  1.5  dB  higher  than  fix’  the  shed  case,  as  discussed  earlier.  At  ISO  degrees,  the  insertion  loss 
is  approximately  the  same  as  for  die  shed. 

More  direct  comparisons  of  the  wall  and  shed  are  made  in  Figures  22  and  23,  for  a  nondiiective 
source  and  gun  directivity  source  respectively.  The  influence  of  the  end  wall  can  be  clearly  seen  at 
azimuths  of  90  and  120  degrees.  At  ISO  and  180  degrees,  the  previous  exclusions  are  evident;  that  is, 
for  the  nondirective  source,  the  shed  yields  more  insertix  loss,  but  for  the  gun  firing  perpendicular,  die 
wall  yields  a  slighdy  greater  insertix  loss. 

Figures  24  and  2S  show  a  comparison  of  the  flat  and  A-weighted  calculated  insertix  loss  f(x  the 
finite  shed  and  wall,  for  a  nondirective  source  and  fex  both  gun-firing  directixs.  The  gun  firing  parallel 
to  the  shed  front  always  yielded  insertix  loss  values  between  those  for  the  nondirective  siource  and  the 
gun  firing  in  the  perpendicular  direction. 

A  radically  different  analytical  investigatix  of  die  noise  reductix  of  the  shed  and  wall  is  detailed 
in  Appendix  B  to  this  report.  This  analysis  accounts  fex  finite  size  of  the  structure  in  a  considerably  more 
rigorous  way  than  does  the  analysis  of  Appendix  A,  and  also  accoxts  for  source  directivity  in  an 
approximate  but  basically  rigorous  way.  Ilie  analysis  was  used  to  model  the  cases  of  a  nondirective 
sxrce  and  of  source  directivity  representative  of  the  gun  firing  perpendicular  to  the  front  plane  of  the 
barrier.  (The  case  of  the  gx  firing  parallel  to  the  barrier  cannot  be  modeled  because  the  analysis  is 
restricted  to  axially  symmetric  situatixs.)  The  analysis  is  carried  xt  in  spherical  cxrdinates  and 
represents  the  shed  as  a  hemispherical  shell  of  14m  duuneter  and  7m  height  wiA  a  semicircular  {qreiture 
and  with  the  source  located  at  the  center  of  the  sphere,  which  for  a  90-degree  aperture  xgle,  places  the 
source  at  the  front  plane  (S  =  Om).  The  wall  is  represented  as  a  portix  of  a  s|rfierical  surface  with  a 
semicircular  outline,  located  Sm  to  the  rear  of  the  source.  The  results  of  this  analysis  shxld  at  least 
indicate  the  results  for  the  actual  rectangular  structures  since  diffiactix  results  tend  to  depend  imxe  x 
the  size  of  the  diffracting  structure  thx  x  the  detailed  shape.  Summary  results  of  that  aruUysis,  in  terms 
of  unweighted  insertion  loss,  are  shown  as  the  solid  lines  in  Figures  26  and  27  for  the  nondirective  and 
directive  sources  respectively.  The  results  show  sharply  reduced  insertion  loss  at  180  degrees.  This  is 
a  characteristic  diffiactix  feature  (known  in  optics  as  Poissx’s  bright  spot)  due  to  constructive 
interference  of  waves  that  have  diffiacted  around  the  edges  of  a  normal  circular  barrier  and  that  arrive  in 
phase.  For  a  rectxgular  barrier,  this  “bright”  spot  would  be  cxsiderably  less  bright,  that  is,  insertix  loss 
at  a  180^grees  azimuth  wxld  not  decrease  nearly  as  much.  For  the  nxdirective  source  (Figure  26), 
the  maximum  shed  insertion  loss  is  abxt  21  dB  at  14S  degrees,  while  the  maximum  fix  the  wall  is  abxt 
17  dB  at  about  160  (tegrees.  These  results  indicate  that  the  shed  yields  about  4  dB  more  insertix  loss 
to  the  rear  thx  the  wall  for  a  nondirective  source.  For  source  directivity  typical  of  a  rifle  (Figure  27), 
the  results  show  the  maximum  insertix  loss  to  be  abxt  IS  dB  for  the  shed  arid  abxt  14  dB  for  the  wall, 
so  that  the  shed  yields  1  dB  more  insertix  loss  thx  the  wall. 

It  is  useful  to  make  a  direct  and  detailed  comparison  of  the  results  of  the  two  algorithms.  The 
xalytical  results  from  Appendix  B  (Figure  26  xd  27)  were  obtained  using  the  sxrce  spectrum  used  in 
the  previxs  investigatix  (Peter  1992),  and  shown  in  Figure  14.  It  is  dierefore  more  apixqxiate  to 
compare  die  results  of  the  Appendix  B’s  analysis  widi  results  of  the  xalysis  of  Appendix  A  using  the 
same  source  spectrum  (Figures  26  and  27).  The  Appendix  B  calculated  results  were  obtained  for  a 
semicircular  bturier  of  7  m  radius.  Appendix  A  calxlated  results  are  for  a  rectxgular  barrier  14  m  wide 
and  7  m  high  relative  to  the  source,  with  the  source  Ixated  at  the  shed  frontplane,  S  =  0.  The  two 
algorithms  yield  similar  conclusixs  regarding  the  relative  noise  reduction  of  the  shed  xd  the  wall.  For 
die  nondirective  sxrce  (Figure  26)  both  algorithms  agree  that  the  shed  provides  about  4  dB  more 
maximum  insertix  loss  in  the  regix  generally  to  die  rear  thx  dxs  the  wall.  F(x  the  simulated  rifle 
source,  both  algorithms  show  the  shed  and  wall  to  yield  about  the  same  (within  about  1  dB)  maximum 
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insertion  loss,  although  tfiey  disagree  as  to  which  yields  slightly  larger  insertion  loss.  The  agreemrat  is 
not  good  directly  to  the  rear  (near  180  degrees),  where  the  two  algorithms  would  not  be  expected  to  agree 
since  wave  interference  effects  would  be  different  fcM'  dte  two  barrier  profile  studies  (semicircular  vs. 
rectiuigular).  Also,  the  simplified  model  of  A|^)endix  A  does  not  account  for  some  details  of  wave 
interference.  It  should  also  be  noted  that  one  would  not  expect  perfect  agreement  between  the  two 
analyses  since  they  model  barriers  of  differing  shape,  perimeter  and  area.  Another  significant  difference 
is  that  the  field  strength  along  the  barrier  edge  is  u^orm  for  the  semicircular  barrier,  even  for  the 
modeled  directive  source,  while  the  field  strength  along  die  edges  of  the  rectangular  barrier  is  not  uniform. 

In  summary,  the  calculated  results  of  both  analytical  methods  show  the  shed  to  offer  about  4  dB 
more  insertion  loss  than  the  wall  for  a  nondirective  source,  but  the  two  structures  offer  about  the  same 
(within  1  dB)  insertion  loss  for  a  source  with  directivity  similar  to  that  of  a  rifle  firing  perpendicular  to 
the  plane  of  the  barrier.  It  is  worth  noting  that,  although  the  shed  and  wall  offer  about  the  same  maximum 
insertion  loss  for  gunfire  noise,  the  shed  offers  that  insertion  loss  over  a  significantly  greater  portion  of 
the  region  to  the  rear.  This  is  the  result  of  the  sound  path  around  the  ends  of  the  short  wall;  a  longer 
wall  or  a  wall  with  a  section  at  the  end  that  extends  fmward  would  offer  protectiiH)  over  a  greater  portion 
of  the  region  to  the  rear. 


Experimental  Insertion  Loss  Results 

Table  5  lists  a  typical  set  of  detailed  data  \  Ju^$  for  one  microphone  location.  This  table  ^ows  the 
measured  value  of  each  sound  level  parameter  for  each  round  fired,  and  also  (at  the  bottom  of  the  table) 
gives  the  mean  values  and  the  maximum  deviations  from  the  means.  The  data  scatter  shown  in  this  table 
is  typical  of  most  of  the  experiments.  This  type  of  data  table  was  generated  during  data  reducticMi  for  each 
microphone  location  of  each  configuration  investigated. 

Table  6  lists  the  insertion  loss  experiments  for  which  data  are  presented  in  this  report.  These  consist 
of  the  gun  firing  normal  to  and  parallel  to  the  barrier  for  the  two  gun  locations  used  to  represent  the  shed 
and  the  wall.  No  experimental  data  were  obtained  for  a  nondirective  source. 

Summary  data  tables  (Tables  7  through  10)  list  mean  data  values  for  each  of  the  insertitm  loss 
experiments.  The  summary  tables  show  the  mean  measured  noise  levels  and  the  resulting  measured 
insertion  loss  in  terms  of  several  noise  metrics.  The  upper  portion  of  each  table  shows  the  averaged  data 
values  for  the  unshielded  gun;  the  middle  portion  shows  the  values  for  the  shielded  gun;  and  the  bottom 
portion  shows  the  difference  between  the  shielded  and  unshielded  guns,  which  is  the  measured  insertion 
loss  of  the  barrier.  The  microphone  locations  are  identified  in  the  first  three  columns  of  each  table  by 
number,  azimuth  angle,  and  distance  from  the  gun  muzzle.  The  data  presented  in  these  tables  are 
discussed  in  detail  below. 

Table  7  presents  measured  noise  levels  and  insertion  loss  values  for  each  microphone  location  for 
the  shed  (-1  m  gun  location)  with  the  rifle  firing  in  the  direction  perpendicular  to  the  front  plane  of  the 
shed  (south).  Table  8  gives  the  same  data  for  the  wall  (-i-Sm  gun  location)  case.  These  two  sets  of  results 
can  be  compared  to  determine  the  relative  noise  reduction  of  the  shed  and  the  wall,  essentially  exclusive 
of  propagation  effects  since  cate  was  taken  to  keep  the  propagation  conditions  identical.  This  comparison 
is  shown  graphically  in  Figures  28  and  29  in  terms  of  FS^  (unweighted)  and  ASEL  respectively.  Note 
that  the  abscissa  identifies  receiver  (microphone)  locations  in  terms  of  azimuth  and  range,  and  that  there 
are  two  180-degree  azimuth  receiver  locations.  The  data  must  be  interpreted  carefully,  taking  into  account 
the  effect  of  finite  barrier  length.  The  azimuth  to  the  vertical  edge  of  the  end  wail  of  the  structure  is  84.3 
degrees  for  the  -Im  gun  location  (shed  case),  and  116.6  degrees  for  the  +Sm  location  (wall  case).  Since 
the  90-degree  azimuth  does  not  lie  in  the  acoustic  shadow  of  the  wall,  the  wall  provides  little  or  no 


33 


insertion  loss  fcH-  this  azimuth.  The  120-degree  azimuth  lies  just  inside  the  acoustic  shadow  of  the  wall, 
but  well  within  the  acoustic  shadow  of  the  ^led,  so  it  is  not  surprisii^  that  the  shed  provides  larger 
insertimi  l(»s.  To  the  rear,  at  ISO  and  180  degree,  the  experimmtal  data  shows  that  the  wall  and  shed 
provide  nearly  identical  insertion  loss  in  terms  of  FSEL,  tl^gh  ASEL  insertion  loss  values  are  diffoent 
by  about  2  dB  at  one  of  the  180-degree  locations.  (Recall  that,  from  Figure  6  and  Table  1,  there  were 
two  microphotK  locatimis  at  two  different  distances  along  die  180-degree  azimuth.) 

Tables  9  and  10  and  Figures  30  and  31  give  the  data  for  the  experimental  configuratitHis  in  which 
the  rifles  were  fired  in  a  direction  parallel  to  the  front  of  the  shed,  to  the  west.  This  configunttitm 
provides  a  different  source  directivity  pattern  relative  to  the  barrier,  to  demmistrate  experimentally  the 
significant  effect  that  source  directivity  can  have  on  insertion  loss.  Fim*  a  wall  m  shed  of  infinite  length, 
one  might  argue  that  this  arrangement  should  yield  inserticMi  loss  more  similar  to  that  which  would  be 
obtained  for  an  isotropic  source,  since  the  angle  between  the  directicm  of  fire  and  the  minimum  Iragth 
propagation  path  around  the  barrier  is  90  degrees  for  die  top  edge  of  both  the  shed  and  the  wall  and  also 
for  the  direct  line  of  sight  to  the  observer  for  the  unshielded  case.  However,  source  directivity  could  sdll 
be  expected  to  have  some  effect  even  for  barriers  of  infinite  length  since  the  field  strength  along  the  top 
edge  of  the  barrier  would  be  affected.  For  the  experimental  finite  length  barrier,  source  directivity  also 
has  considerable  effect  on  the  field  strength  at  the  edges  of  the  side  walls  of  die  structure.  The  data  show 
that,  for  this  case,  the  shed  yields  greater  insertion  loss  than  does  the  wall  in  the  region  to  the  rear  of  the 
structure,  by  a  margin  of  about  8  dB.  Indeed,  the  ^ed  is  shown  to  offer  superior  insertion  loss  at  all 
azimuths  for  which  noise  levels  were  measured.  Note  that,  at  90  degrees  the  wall  insertion  loss  is 
negative;  that  is,  the  shielded  gun  was  measured  to  be  louder  than  the  unshielded  gun. 

Figures  32  and  33  give  the  combined  experimental  results  for  the  two  directions  of  fire.  Table  1 1 
summarizes  the  measured  insertitm  loss  averaged  over  both  180-degiee  locations  (to  obtain  improved 
statistical  significance)  for  each  of  the  four  combinations  of  shed  vs.  wall,  and  the  two  firing  directions. 
These  data  clearly  show  the  experimental  answer  that  the  jnesent  study  was  designed  to  provide.  For  the 
gun  firing  perpendicular  to  the  barrier  (south),  the  wall  and  shed  provide  approximately  die  same  insertion 
loss  to  the  rear.  This  experimental  result  for  relative  noise  reduction  performance  of  the  wall  and  shed 
agrees  well  with  the  analytical  results  of  both  Appendices  A  and  B. 

For  the  gun  firing  parallel  to  the  barrier  (west),  the  agreement  between  calculated  and  experimental 
results  for  relative  noise  reduction  performance  is  not  good.  The  experimental  data  show  the  shed 
providing  about  7  dB  more  insertion  loss  to  the  rear  than  the  wall,  while  the  analytical  data  from 
Appendix  A  show  the  shed  providing  only  about  2  dB  more.  This  may  be  an  in^cation  that  the 
calculation  algorithm  of  Appendix  A  is  not  adequate  to  correctly  account  for  the  complicated  diffraction 
around  all  three  edges  for  this  case,  perhaps  because  source  directivity  can  strongly  affect  the  distribution 
of  field  strength  along  the  barrier  edges,  with  consequences  that  are  not  accounted  for  by  the  model.  The 
problem  may  be  that  the  algorithm  procedure  assumes  that  the  diffraction  is  characterized  by  the  path 
length  difference  for  the  shortest  path  from  source  to  receiver  around  the  barrier  edge.  The  algorithm  has 
been  well  substantiated  for  isotropic  sources.  For  the  gun  firing  normal  to  the  barrier,  the  location  of 
greatest  field  strength  along  the  barrier  edge  does  not  change.  For  the  gun  firing  parallel  to  die  barrier, 
this  is  no  longer  true. 

The  above  paragraphs  compared  only  the  shed  and  wall  insertion  loss  difference.  This  was  dcHie 
specifically  to  estimate  the  relative  noise  reduction  performance  of  the  shed  and  wall  exclusive  of 
propagation  and  attenuation  effects.  The  magnitude  of  insertion  loss,  rather  than  the  difference  between 
shed  and  wall,  is  of  primary  interest  for  rifle  range  noise  mitigation.  The  previous  investigation  (Pater 
1992)  concluded  that  experimental  insertion  loss  agreed  fairly  well  widi  calculated  values  in  the  region 
directly  to  the  rear  of  the  shed  and  at  90  degrees,  but  not  at  intermediate  angles.  This  conclusion  is 
modified  here,  for  reasons  shown  below. 
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Rgiffe  34  summarizes  the  analytical  and  expnimottal  A-weighted  insertion  loss  results  from  both 
the  cuneitt  and  previous  inve^gations  for  the  gun  firing  normal  to  the  barrier  from  the  -Im  gun  location 
(the  shed  case).  (Unweighted  experimental  insertion  loss  was  not  measured  in  the  previous  investigation; 
thus  the  overall  comparison  can  only  be  made  in  terms  of  A-wei^ted  insertion  loss.)  The 
results  of  Appendix  A  and  of  die  previous  investigation  used  the  same  alg<Mithm,  the  only  differaice  being 
the  source  spectrum,  as  discussed  earlier.  The  effect  on  calculated  results  of  changing  to  die  new  source 
spectnim  was  an  increase  in  A-weighted  insertion  loss  to  die  rear  of  about  2  dB.  The  solid  curve  in 
Figure  34  represoits  the  calculated  results  using  the  algmithm  of  Appendix  B.  which  used  the  spectrum 
of  the  (Hevious  investigation,  a  semicircular  iMurrier  and  a  source  locat^  at  S  ==  0.  (This  configuration  was 
discus^  earlier  in  comparing  the  calculated  results  ^own  in  Figures  26  and  27.)  The  agreement  of  diis 
calculated  curve  with  the  calculated  results  of  the  previous  investigation  is  quite  good,  there  are  differmces 
in  the  gun  location  and  barrier  shape  and  size,  discussed  in  detail  earlier.  Hgures  26  and  27  show  a  more 
valid  comparismi  of  the  two  algorithms. 

Figure  34  shows  that  the  shed  insertion  loss  values  measured  in  the  present  study  were  generally 
significandy  smaller  than  predicted  by  the  diffraction  algorithm  calculations.  They  also  do  not  agree  very 
well  with  the  experimental  results  of  the  previous  investigation,  particularly  directly  to  the  rear  of  the  wall. 
The  experimental  data  were  all  obtained  at  die  same  site  and  for  the  same  shed  structure;  differences  were 
that  during  the  previous  investigation  the  shed  had  not  been  lined  with  sound  absor|Aion  material,  and  that 
the  measurements  were  made  in  the  month  of  November  after  the  crops  had  been  harvested,  rather  than 
during  the  summer.  The  lack  of  agreement  between  these  two  experimental  H«ta  sets  is  a  graphic  example 
of  the  potential  effect  of  propagation  effects  on  achieved  insertion  loss.  An  algorithm  for  predicting 
atmospheric,  meteorological  and  ground  interaction  effects  would  help  produce  more  accurate  prediction 
of  barrier  insertion  loss. 


Experimental  Excess  Ground  Attenuation  Results 

The  term  “excess  attenuation”  refers  to  attenuation  of  sound  in  excess  of  that  which  can  be  attributed 
to  spherical  spreading.  One  cause  of  excess  attenuation  is  absOTption  of  sound  energy  by  the  atmosphere. 
The  amount  of  excess  attenuation  due  to  atmospheric  absorption  for  the  spectrum  shown  in  Figure  15  at 
the  distances  from  which  noise  measurements  were  made  is  small  (Appendix  C).  “Excess  ground 
attenuation”  is  the  excess  attenuation  due  to  the  proximity  of  the  ground.  These  effects  include  dissipative 
and  reactive  effects  of  ground  impedance,  wave  interference  effects  of  the  direct  and  ground  reflected 
waves,  and  refractive  and  scattering  effects  resulting  from  turbulence  and  boundary  layer  profiles  of  wind 
velocity  and  temperature. 

The  effect  of  excess  ground  attenuation  on  measured  insertion  loss  can  be  partially  determined  by 
examining  the  experimental  insertion  loss  data.  The  experimental  data  for  the  gun  firing  normal  to  the 
shed  and  wall  (Tables  7  and  8)  are  re-examined  in  Tables  12  and  13  respectively.  Noise  levels  were 
measured  at  two  distances  along  the  ISO-degree  azimuth.  The  spherical  spreading  attenuation  from  the 
first  to  the  second  distance  is  shown  for  each  case.  The  difference  between  spherical  spreading  attenuation 
and  measured  attenuation  is  the  excess  attenuation  that  occurred  from  the  first  to  the  second  distance  for 
both  the  shielded  and  unshielded  guns  (Tables  12  and  13).  The  excess  attenuation  values  were  used  to 
correct  the  data  values  at  the  second  location  for  the  effect  of  excess  attenuation  that  occurred  between 
the  two  locations  (but  not  fcM*  excess  attenuation  that  occurred  between  the  source  and  the  first  distance). 
The  resulting  inseruon  loss  at  the  second  locatirai,  corrected  for  effects  of  excess  attenuation,  is  also  shown 
for  each  case.  Note  that  the  excess  attenuation  for  the  shielded  gun  is  larger  than  for  the  unshielded  gun; 
this  is  inebably  the  result  of  larger  excess  ground  attenuation  for  the  lower  path.  The  effect  of  excess 
attenuation  on  insertion  loss  is  due  entirely  to  excess  ground  attenuaticm,  since  the  effect  of  atmospheric 
attenuation  should  be  essentially  the  same  for  both  guns,  and  thus  subtracts  out.  Note  that  the  correction 
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for  excess  ground  attenuaticm  brings  the  insertion  loss  values  at  the  two  distances  into  much  better 
agreement.  It  is  reas(MiabIe  to  expect  that  the  effect  of  excess  ground  attenuation  hrom  the  source  to  die 
first  distance  would  also  be  substantial,  as  it  would  be  for  the  paths  from  the  source  to  the  other 
microphone  locations.  Correction  of  the  measured  insertion  loss  for  excess  ground  attenuation  would  thus 
increase  the  measured  value  of  insertion  loss  for  all  microphone  locations.  This  would  no  doubt  improve 
the  agreement  between  theoretical  values  of  insertion  loss,  which  did  not  take  excess  ground  att«iuation 
into  account,  ami  experirr^ntal  values. 

Table  14  lists  the  experiments  performed  specifically  to  investigate  the  possible  effects  of  sound 
wave  interaction  with  the  ground  at  the  test  site.  The  experiments  over  grass  were  doire  both  before  and 
after  the  experiments  over  beans  to  reveal  any  changes  in  experimental  conditions.  At  the  time  of  the 
experiment  the  beans  were  about  0.8  m  high;  thus  the  lowest,  0.5  m,  height  microphone  was  submerged 
in  the  soybean  plants.  Also,  the  low  gun  for  the  experiments  over  beans  was  locat^  immediately  beside 
the  edge  of  the  beans  plot  and  at  a  height  of  0.5  m,  i.e.,  lower  than  the  beans. 

The  averaged  ASEL  and  FSEL  data  for  all  micrq>hones  for  all  ground  interaction  experiments  listed 
in  Table  14  were  compiled  into  a  summary  sheet  (Table  15).  ASEL  is  useful  to  judge  human  respmise 
to  the  noise,  while  FSEL  (unweighted)  gives  a  clearer  picture  of  the  total  sound  energy  present  in  the 
blast  noise  that  arrives  at  the  microphone  location.  Table  15  is  arranged  to  ease  assessment  of  the  effect 
of  the  type  of  ground  cover  (grass  or  soybeans)  and  the  height  of  the  path  from  source  to  micrqrhone 
(various  combinations  of  gun  height  and  mic  hei^t).  Selected  data  are  shown  in  Figures  35  and  36. 
These  data  clearly  show  that  there  were  substantial  attenuation  effects  due  to  the  proximity  of  the  ground. 
Bear  in  mind  that  the  same  noise  source  was  used  for  all  of  the  experiments.  It  is  clear  that  a  higher  line 
of  sight  results  in  less  attenuation.  It  is  also  clear  that  there  was  a  reduction  in  received  sound  level 
during  the  test  (possibly  a  result  of  refraction  resulting  from  solar  heating  of  the  ground),  evidenced  by 
the  fact  that  the  repeated  experiments  over  grass  yielded  somewhat  lower  sound  levels.  The  effect  of  type 
of  ground  cover,  i.e.  grass  vs  beans,  is  more  subtle.  The  broadband  FSEL  and  ASEL  values  were 
generally  somewhat  lower  (perhaps  0  to  2  dB)  for  beans  than  for  grass,  although  there  were  exceptions. 

Detailed  sound  exposure  level  spectra  of  selected  data  rounds  for  several  ground  interaction 
experimental  configurations  were  obtained  to  help  interpret  noise  level  data.  Figure  37  shows  typical 
source  waveform  (for  the  high  gun),  and  Figure  38  shows  source  spectra  for  both  gun  heights.  The  source 
mic  was  located  about  1.24  m  above  the  low  gun  and  about  1.14  m  below  the  high  gun,  which  may  be 
responsible  for  the  differences  in  the  spectra  for  the  two  gun  locations  (the  same  gun  was  used). 
Representative  spectra  for  the  microphones  mounted  on  the  pole  located  1 10  meters  from  the  source  are 
presented  in  various  combinations  in  Figures  39  through  43.  A  source  spectrum  is  included  in  each  plot, 
arbitrarily  reduced  30  dB  in  magnitude,  for  comparison  of  sh{q)e.  Some  change  in  the  shape  of  the  sourx% 
spectrum  with  distance  is  to  be  expected,  due  for  example  to  atmospheric  absorption  and  refracticm,  as 
well  as  to  ground  interaction,  so  that  care  must  be  used  in  drawing  conclusions  from  comparison  of  the 
shape  of  source  and  1 10  m  spectra,  especially  for  the  high  propagation  paths.  The  1 10  m  spectra  for 
soybeans  exhibit  strong  local  maxima  in  attenuation  of  sound  energy  (minima  in  the  sound  exposure 
spectra)  between  125  and  250  Hz.  The  spectra  far  propagation  over  grass  show  somewhat  less 
pronounced  local  maxima  in  attenuation  over  fluencies  from  below  250  Hz  to  above  500  Hz.  The  1 10- 
m  spectra  show  evidence  of  considerable  attenuation  at  higher  frequencies,  with  the  attenuation 
increasingly  greater  for  propagation  paths  closer  to  the  ground.  Generally  the  beans  exhibited  more 
attenuation  of  higher  frequencies  than  did  grass.  Both  the  beans  and  the  grass  seem  to  show  significant 
absorption  at  frequencies  as  low  as  the  63  Hz  band.  Noted  that  there  is  a  consistent  difference  of  1  to  2 
dB  between  the  sound  exposure  level  for  the  1.22  and  1.33-m  mic  heights,  which  may  be  due  to  a 
consistent  measurement  error  between  the  two  mics,  or  may  indicate  that  measured  sound  level  can  be 
affected  significantly  by  relatively  small  (0.1  m)  errors  in  microphone  placement. 
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Data  shown  in  Table  15  and  Figures  35  through  43  show  note  that  ASEL  and  FSEL  are  not  very 
much  different  for  high  propagation  paths  (high  gun  and  high  mic),  but  are  substantially  different  for  low 
propagation  paths.  For  high  propagation  paths,  a  large  portion  of  the  sound  eneigy  occurs  at  frequencies 
in  the  vicinity  of  I  KHz  that  are  not  strongly  attenuated  by  the  A-weighting  filter.  For  propagation  paths 
closer  to  the  ground,  for  which  much  of  the  higher  frequency  portion  of  the  acoustic  energy  has  been 
attenuated,  the  ASEL  and  FSEL  differ  by  a  wider  margin  since  proportionally  more  of  the  sound  energy 
is  located  at  the  low  frequencies  that  are  strongly  attenuated  by  A  weighting. 

Table  16  presents  selected  data  from  Tabic  15  for  two  of  the  1 10-m  long  propagation  paths.  This 
table  more  clearly  shows  that  seemingly  modest  differences  in  path  height  can  result  in  significant 
differences  in  sound  attenuation.  The  difference  in  attenuation  was  over  10  dB  FSEL  and  over  20  dB 
ASEL. 

A  close  look  at  the  data  presented  in  Table  16  gives  some  indication  of  the  effect  of  ground 
interaction  on  measured  insertion  loss  of  the  fuing  shed.  The  data  for  the  low  gun  noise  (mic  height  of 
1 .22  m)  should  be  fairly  representative  of  the  unshielded  gun  in  the  insertion  loss  experiments.  For  sound 
diffracted  around  the  7-m  high  roofline  of  the  shed  in  the  insertion  loss  experiments,  the  average  height 
of  the  propagation  path  is  4. 1 1  m,  which  is  somewhat  represented  by  the  average  propagation  height  of 
2.9S  m  for  the  high  (2.8S-m)  gun.  and  3.0S-m  mic  height  in  the  ground  interaction  experiment.  For 
identical  sources,  for  both  grass  and  beans  ground  cover,  the  ground  interaction  experiments  showed  at 
least  10  dB  FSEL  and  at  least  20  dB  ASEL  more  attenuation  for  the  lower  sound  path  compared  to  the 
higher  path. 

Since  insertion  loss  is  defined  as  the  difference  between  sound  level  with  and  without  the  shielding 
structure  present,  the  above  situation  would  seemingly  result  in  a  reduction  in  measured  insertion  loss  of 
similar  amount  due  to  ground  interaction.  This  estimate  cannot  however  be  directly  applied  to  the 
insertion  loss  experimental  data  for  several  reasons.  One  is  that  the  spectrum  of  the  unshielded  gun,  and 
thus  the  effects  of  ground  interaction,  may  differ  with  azimuth.  Another  is  that  varying  distance  and  the 
presence  of  both  grass  and  beans  for  part  of  the  path  from  source  to  receiver,  as  was  the  case  for  the 
insertion  loss  measurements,  may  influence  the  results.  Also,  the  spectrum  of  the  energy  diffracted  around 
the  edges  of  the  shed  will  be  different  from  the  source  spectrum  since  diffraction  is  a  function  of 
frequency.  Specifically,  the  diffracted  (high  path)  sound  spectrum  should  have  proportionally  more  low 
frequency  energy  than  the  source  spectrum,  so  that  ground  interaction  would  have  less  effect  on  the  high 
path  than  was  shown  in  the  experiment,  but  A-weighting  would  have  a  greater  effect.  It  is  possible  that, 
for  some  combination  of  source-barrier-receiver  juxtaposition,  source  directivity,  and/or  source  spectrum, 
the  received  noise  level  could  be  higher  with  the  barrier  in  place  than  without  the  barrier. 

In  summary,  these  tests  show  that  ground  interaction  can  result  in  a  substantial  change  in  measured 
insertion  loss  when  compared  to  calculated  insertion  loss  values  that  do  not  account  for  ground  interaction, 
or  when  compared  to  experimental  data  for  which  there  is  different  attenuation  due  to  ground  interaction. 
Such  a  difference  might  occur  if  measurements  were  taken  over  bare  earth  or  in  winter,  frozen  ground  and 
again  over  extensive  vegetation  cover  in  the  summer.  An  accurate  estimate  of  the  effect  of  ground 
interaction  on  insertion  loss  is  difficult  to  make  without  detailed  knowledge  of  the  spectrum  of  the  noise 
diffracted  around  the  edge  of  the  barrier.  A  useful  experimental  procedure  would  be  to  locate  a 
microphone  behind  and  near  to  the  structure  at  the  height  of  the  propagation  path  of  interest,  in  addition 
to  the  mic  located  near  the  edge  of  the  barrier.  More  information  on  how  the  gun  spectrum  might  vary 
with  azimuth  would  also  be  helpful. 

Another  difficulty  arises  in  determining  how  to  characterize  propagation  conditions  and  the  ground 
to  accurately  predict  propagation  effects  on  insertion  loss.  The  current  ground  interaction  experiment 
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clearly  demonstrated  the  possible  effect  of  ground  interactitm  at  the  test  site  but  could  not  predict  the 
effects  of  ground  interaction  on  insertion  loss. 

It  is  instructive  to  examine  spectra  from  the  insertion  loss  experiments  in  some  detail.  Figure  44 
shows  spectra  measured  near  the  gun  and  also  at  the  shed  roofline.  Figures  45  through  49  show  the 
spectra  (absolute,  rather  than  relative)  for  the  microphone  locations  of  the  insertion  loss  experiments.  The 
spectra  are  generally  quite  similar  for  shed  and  wall  for  each  gun,  but  the  spectra  for  the  un^ielded  (A) 
and  shielded  (B)  guns  are  notably  different  in  some  respects.  In  the  spectra  for  propagation  over  grass. 
Figures  45  and  46,  the  dip  in  the  spectral  curves  in  die  vicinity  of  500  Hz,  previously  seen  in  die  results 
of  the  ground  interaction  experiment  (Figure  40),  is  clearly  present,  especially  for  the  unshielded  (A)  gun. 
Note  that  the  A  gun  is  at  the  same  source  height  as  the  low  gun  in  Ae  ground  interaction  experiments. 
Careful  comparison  of  the  spectra  in  Figure  45  for  the  two  guns  reveals  the  diffraction  attenuadmi  of 
higher  frequency  energy  in  the  spectrum  of  the  shielded  gun.  The  difference  is  not  as  great  as  predicted 
by  calculations  (Figure  15),  probably  because  there  is  relatively  more  higher  frequency  ground  interaction 
attenuation  for  the  lower  propagation  path  of  the  A  gun.  This  trend  should  continue,  causing  the  higher 
frequency  portion  of  the  spectra  of  the  two  guns  to  become  more  similar  at  greater  distances;  this  can 
indeed  be  seen  in  Figure  46,  by  comparing  the  relative  level  at,  say,  200  and  2000  Hz  in  Figures  45  and 
46.  The  effect  would  diminish  at  still  greater  distances  as  the  two  paths  become  more  nearly  equal  in 
elevation.  One  would  also  expect  the  mid-frequency  (around  500  Hz)  notch  to  become  less  prominent 
at  greater  distances  because  of  higher  frequency  attenuation,  due  not  only  to  ground  interaction  but  also 
to  other  effects  such  as  atmospheric  absorption,  scattering  and  refraction.  The  spectra  of  Figures  47 
through  49  show  similar  general  trends,  but  the  details  are  more  complicated  because  propagation  is  partly 
over  grass  and  partly  over  soybean  plants,  with  possible  diffraction  effects  at  the  boundary  between  the 
two. 


Effective  noise  mitigation  would  be  greatly  facilitated  by  the  ability  to  make  accurate  predictions 
of  noise  levels  at  both  large  and  small  distances  for  both  shielded  and  unshielded  noise  sources  under  a 
wide  variety  of  propagation  conditions.  One  aspect  of  this  is  an  accurate,  relatively  simple  to  use, 
prediction  algorithm  that  can  account  for  source  char^teristics  and  barrier  size  and  sh^  to  predict  the 
insertion  loss  of  barriers  for  some  useful  situations.  The  analytical  techniques  used  in  this  investigation 
are  good  candidates  for  this  purpose.  The  results  of  the  diffiaction  algorithm  must  be  extended  to  large 
distances  for  practical  propagation  scenarios.  Site  measurements  can  possibly  be  used  to  calibrate 
parameter  values  in  available  ground  interaction  models.  Available  models  for  atmospheric  attenuation 
and  representative  propagation  conditions  can  be  used  to  further  refine  the  accuracy  of  predictions. 


Design  Charts 

This  study  measured  the  relative  insertion  loss  of  the  shed  and  wall  for  one  particular  value  of 
barrier  height.  Figures  50  through  57  show  the  effects  of  changing  barrier  height.  These  charts  were 
generated  using  the  algorithm  of  Appendix  A  for  a  variety  of  source  and  barrier  parameters.  In  these 
charts,  the  parameter  H  is  the  height  of  the  barrier  relative  to  the  source;  the  algorithm  takes  no  account 
of  the  effect  of  the  source  height  above  the  ground.  Propagation  and  ground  interaction  effects  are  not 
accounted  for.  The  general  trend  is  that  a  higher  barrier  yields  larger  insertion  loss. 

It  is  also  interesting  to  examine  how  barrier  height  influences  the  degree  to  which  other  parameter 
changes  affect  insertion  loss.  Comparing  Figures  50  and  51  shows  that,  for  an  isotropic  source,  a  shed 
20-m  long  yields  2  to  5  dB  less  insertion  loss  than  an  infmitely  long  shed;  the  change  is  larger  for  higher 
barriers.  For  a  source  with  gun  directivity,  the  change  ranges  from  0.5  to  5  dB  (cf.  Figures  52  and  53). 
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The  effect  of  source  directivity  on  inseititm  loss  of  an  infinitely  long  shed  (S  <  0)  may  be 
determined  by  comparing  the  curves  of  Figures  SO  and  S2.  These  show  duit  gun  directivity  causes  an  8 
to  14  dB  decrease  (less  noise  reductitm)  in  the  inserticxi  loss  of  an  infinitely  long  shed,  widi  the  largest 
reduction  occurring  for  situill  values  of  H,  for  which  the  angle  between  the  directitms  to  die  shed  roofline 
and  the  receiver  is  large. 

A  comparistHi  of  Figures  52  and  54  shows  how  the  spectral  distribution  of  source  acoustic  energy 
can  affect  insertion  loss  for  the  spectra  of  the  current  and  previous  investigations  respectively.  Figure  14 
shows  these  spectra.  The  unweighted  insertion  loss  is  3  to  4  dB  larger  for  a  source  wiA  the  “new” 
spectrum,  because  a  larger  proportion  of  the  acoustic  energy  occurs  at  higher  frequencies,  which  ate 
attenuated  more  strcxigly  by  diffractitm.  ExaminadcHi  of  calculated  results  not  included  here  for  various 
values  of  H  show  that  the  increase  in  A-weighted  insertion  loss  is  about  2  dB,  as  was  noted  fn*  the  results 
shown  in  Figure  34. 

The  primary  topic  of  the  current  investigadon  is  the  relative  rifle  range  insertion  loss  of  the  shed 
and  wall.  Comparison  of  Figures  52  and  56  reveals  how  barrier  height  affects  the  relative  noise  reduction 
performance  of  these  two  structures.  Directly  to  the  rear,  at  an  180-degree  azimudi,  the  calculated 
insertion  loss  values  are  no  more  than  about  2  (ffi  different  for  all  barrier  height  values  presented,  and  ate 
equal  for  H  =  1.5.  For  smaller  azimuth  angles,  e.g.,  in  die  vicinity  of  120  degrees  from  the  direction  of 
fire,  these  calculated  results  indicate  somewhat  different  crniclusicms.  For  large  barrier  heights,  the 
insertion  loss  values  for  the  two  structures  remain  quite  similar,  i.e.,  they  are  different  by  no  more  than 
about  2  dB.  However,  for  smaller  structure  heights,  Ae  shed  yields  significandy  higher  inserdon  loss  than 
a  wall  of  equal  height  at  azimuths  in  the  general  vicinity  of  120  degrees. 

The  effect  of  “A”  frequency  weighting  may  be  seen  by  comparing  the  curves  of  Figures  52  and  55 
for  the  shed  and  of  Figures  56  and  57  for  the  wall.  Generally  the  A-weighted  inserdon  loss  values  are 
about  2  dB  larger  than  the  unweighted,  as  expected  from  the  earlier  discussion  of  Figure  15.  The  effect 
of  A  weighdng  is  smaller  for  small  barrier  heights  or  for  lines  of  sight  near  a  barrier  edge,  for  which 
diifracdon  has  less  effect  on  the  spectral  energy  distribudon. 
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_B_  Previous,  A  weighted  New,  A  weighted 


Figure  14.  Source  Spectra  Used  for  Insertion  Loss  Calculations,  Dlustrated  With  and  Without 
A’Frequency  Weighting. 
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BAND  SEL  RELATIVE  TO  OVERALL  SEL 


_ll_  SOURCE  RELATIVE  SEL  (FLAT)  ^  SOURCE  +  A  WTG 

□  SOURCE  +  SHED  ATTENUATION  ^  SOURCE  +  SHED  ATTEN  +  A  WTG 


Figure  15.  Calculated  Effect  of  Diffraction  Around  Shed  Roofline  and  of  Frequency  Weighting 

on  Source  Spectrum,  for  >1  m  Gun  Location  and  180-Degree  Azimuth. 
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SOURCE  LOCATION  re.  SHED  FRONT  PLANE  (m) 

GUN  DIRECTIVITY^  ISOTROPIC  SOURCE 

Figure  16.  Calculated  Unweighted  Insertion  Loss  at  180-Degree  Azimuth  vs.  Source  Location, 

for  a  Structure  of  Infinite  Length,  Structure  Height  7  m.  Source  Height  OJI  m. 


SOURCE  LOCATION  re.  SHED  FRONT  PLANE  (m) 

GUN  DIRECTIVITY^  ISOTROPIC  SOURCE 

Figure  17.  Calculated  Unweighted  Insertion  Loss  at  180-Degree  Azimuth  vs.  Source  Location, 

for  Structure  Length  of  20  m.  Structure  Height  of  7  m,  Source  Height  of  0.5  m. 
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TaMeJ 


CakHlatod  Ewtefri—  Afipaadix  A  Car 
Inwilioii  L4M  to  the  Bear  tar  lafiate  Laiflk  Barrter 


Inaeitioa 

laaa 

(dB)#iar 

ConfigiinUioa 

flat 

A  wtd 

Shed  (-1  m),  iaotropic  source 

28.3 

30J 

Wall  (-fS  m),  isotropic  source 

24.6 

26.8 

Shed  (-1  m),  gun  firing  perpendicular 

20.2 

22.S 

Wall  (-t-S  m),  gun  firing  perpendicular 

21.9 

24.1 

Shed  (-1  m),  gun  firing  parcel 

28J 

30.3 

Wall  (-t-S  m),  gun  firing  parallel 

24.6 

26.8 

Effect  on  insertion  loss  of  moving  gun 
location  fhm  -1  m  (shed)  to  -t-S  m  (wall)  for 

Isotropic  source 

-3.7 

-3.7 

Gun  firing  perpendicular 

+1.7 

+1.6 

Gun  firing  parallel 

-3.7 

-3.7 

Effect  of  source  directiviiy  on 
insertion  toss  for 

Shed  (-1  m),  gun  firing  perpendicular 

-8.1 

-8.0 

Wall  (‘fS  m),  gun  firing  p^pendicular 

-2.7 

-2.7 

Shed  (-1  m),  gun  firing  parallel 

0.0 

0.0 

Wall  (-t-S  m),  gun  firing  parallel 

0.0 

0.0 
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TaM«4 


iMtiHoa  kw 

(dB)«ur 


Confifiiratioa  Flat  A  wti 


Shed  (-1  m),  iiotropic  louice 

24J 

26.8 

Wall  (+5  m).  iaotropic  souree 

21J 

23.8 

Shed  (-1  m).  gun  pefpeadicular 

16.7 

18.9 

Wall  (-fS  tn),  gun  firing  perpendicular 

18.2 

20.4 

Shed  (-1  m).  gun  firing  parallel 

21.7 

24.0 

Wall  (-t-S  m).  gun  firing  parallel 

19.4 

21.7 

Effect  on  insertion  loss  of  moving  gun 

location  from  -1  m  (shed)  to  -i-S  m  (wall)  for 

Isotropic  source 

-3.0 

-3.0 

Gun  firing  perpendicular 

+1.5 

+1J 

Gun  firing  parallel 

■23 

-23 

Effect  of  source  directivity  on 

insertion  loss  for 

Shed  (-1  m).  gun  firing  perpendicular 

-7.8 

-7.9 

Wall  (-i-S  m),  gun  firing  perpendicular 

-3J 

-3A 

Shed  (-1  m),  gun  firing  parallel 

-2.8 

-2.8 

Wall  (■t'5  m),  gun  firing  parallel 

-2.1 

-2.1 
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Top  edge  Left  sidewall  Right  sidewall  _b_  Overall 


Figure  18.  Calculated  Unweiglited  InanHon  Loss  fmr  the  >1  m  Source  LocatkMi,  for  a  Gun 
Firing  Normal  to  the  Shed  Front 


Top  edge  Left  sidewall  Right  sidewall  _b_  Overall 


Figure  19. 


Calculated  A*We^ted  Insertion  Loss  for  the  -1  m  Source  Location,  for  a  Gun 
Firing  Normal  to  the  Shed  Front. 


90  120  150  180 


AZIMUTH  ANGLE  (DEGREES  CCW  FROM  DOF) 
Top  edge  Left  sidewall  Right  sidewall  _b_  Overall 


Figure  20.  Calculated  Unweighted  Insertion  Loss  for  an  Isotr(4>lc  Source  Located  at  Uie  •! 
m  Source  Location. 


90  120  150  180 


AZIMUTH  ANGLE  (DEGREES  CCW  FROM  DOF) 
Top  edge  Left  sidewall  Right  sidewall  _a_  Overall 


Figure  21.  Calculated  Unweighted  Insertion  Loss  fn*  the  -t-S  m  Source  Location,  for  a  Gun 
Firing  Normal  to  the  WaU. 
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90  120  ISO  180 

AZIMUTH  ANGLE  (DEGREES  CCW  FROM  DOF) 


- 1  m,  Top  edge  - 1  m,  Overall 

_B_  +5  m,  Top  edge  +5  m,  Overall 


Figure  22.  A  Comparison  of  Calculated  Unweighted  Insertion  Loss  Due  to  a  Shed  (-1  m 
Source  Location)  and  a  Rear  Wall  (*5  m  Source  Location)  for  an  Isotropic  Source. 


- 1  m,  Top  edge  - 1  m,  Overall 

_B-  +5  m,  Top  edge  +5  m,  Overall 


Figure  23.  A  Comparison  of  Calculated  Unweighted  Insertion  Loss  Due  to  a  Shed  (•!  m 
Source  Location)  and  a  Rear  Wall  (+5  m  Source  Location)  for  a  Gun  Firing 
Normal  to  the  Barrier. 
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- 1  m,  normal  gun  - 1  m,  parallel  gun  - 1  m,  isotropic 

_B_  +5  m,  normal  gun  _e_  +5  m,  parallel  gun  +5  m,  isotropic 


Figure  24.  Summary  of  Calculated  Unwei^ted  Insertion  Loss  for  Various  Combinations  vi 
Source  Location  and  Source  Directivity. 


- 1  m,  normal  gun  - 1  m,  parallel  gun  - 1  m,  isotropic 

_B_  +5  m,  normal  gun  +5  m,  parallel  gun  +5  m,  isotropic 


Figure  25.  Summary  of  Calculated  A- Weighted  Insertion  Loss  for  Various  Combinations  of 
Source  Luxation  and  Source  Directivity. 
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0  30  60  90  120  150  180 

AZIMUTH  ANGLE  (DEGREES  FROM  DOF) 

Figure  26.  Calculated  Unweighted  Inaertioa  Loss  Resuits  From  Two  DMAraction  Algorithms 
for  an  Isotropic  Source  Shielded  by  a  Barrier  (7  m  High  by  14  m  Width). 


0  30  60  90  120  150  180 

AZIMUTH  ANGLE  (DEGREES  FROM  DOF) 

F^re  27.  Calculated  Unweighted  Insertion  Loss  Results  From  Two  Diffraction  Algorithms 
for  a  Gun  Firing  Normal  to  a  Barrier  (7  m  High  by  14  m  Base  Width). 
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TabkS 


Typical  Detailed  Sound  Level  Data  Froai  Ineertion  Loae  EaperiaMnt 


RowmW 

Gun 

PSPL 

(dB) 

ASEL 

(dB) 

SEL 

(dB) 

1 

A 

108.1 

72.6 

76.9 

2 

B 

77.1 

41.8 

57.3 

3 

A 

109i) 

73.4 

77.2 

4 

B 

75.3 

42.5 

56.8 

5 

A 

106J 

71.1 

76.6 

6 

B 

80.8 

41.2 

60.0 

7 

A 

1053 

70.0 

76.1 

8 

B 

80.6 

41.9 

59.5 

9 

A 

1053 

70.6 

76.4 

10 

B 

76.6 

43.3 

57.3 

11 

A 

1053 

69.9 

76.1 

12 

B 

78.6 

43.0 

56.6 

13 

A 

108.6 

73.0 

77.1 

14 

B 

77.6 

40.4 

55.2 

13 

A 

110.9 

74.1 

77.7 

16 

B 

79.2 

42.5 

58.1 

17 

A 

108.2 

71.8 

76.8 

18 

B 

81.6 

42.8 

62.4 

19 

A 

106.2 

69.3 

76.2 

20 

B 

8Zl 

41.8 

60.5 

21 

A 

106.1 

69.7 

76.0 

Mean 

A 

1073 

71.7 

76.7 

+Dev 

A 

3,4 

2.4 

1.0 

-Dev 

A 

-2.2 

-2.4 

-0.6 

Mean 

B 

79.2 

42.2 

58.9 

+Dev 

B 

2.9 

1.1 

33 

-Dev 

B 

-3.9 

-1.8 

-3.7 

Microphone  location:  5 
Date:  8-7-91 
Remains:  Test  3 
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Table  6 


Insertton  Loss  Experiments 


Direction 


Test 

Gun 

Location 

of  Fire 

Time 

Wind" 

Date 

3 

A&B 

-Im 

south 

0845 

0-3.60 

8-7-91 

4 

A&B 

+5m 

south 

0858 

3-6,  60 

8-7-91 

5.1 

B 

+5 

west 

0916 

0-6,  60 

8-7-91 

5.2 

A 

+5 

West 

0920 

0-6,  60 

8-7-91 

5.3 

A 

-1 

West 

0925 

0-5,  60 

8-7-91 

5.4 

B 

-1 

West 

0929 

0-7,  60 

8-7-91 

*  “A”  is  unshielded  gun;  “B”  is  shielded 
“  MPH,  from  deg  ccw  re  south 
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Table? 


Measured  Shed  Insertioa  Loss  for  Gun  Flrii^  South 


Mic# 

Angle  (deg) 

Distance  (n) 

PSPL(dB) 

ASEL  (dB) 

FSEL  (dB) 

Unshielded  Gun 

5 

180.0 

80 

107.5 

71.7 

76.7 

8 

180.0 

242 

90.8 

55.7 

64.3 

9 

149.9 

279 

8^6 

44.4 

38.3 

6 

119.6 

161 

92.0 

52.9 

68.4 

3 

89.6 

130 

97.1 

57.4 

72.2 

11 

90.0 

1.2 

165.9 

125.7 

126.8 

(Source) 

Above 

Shielded  Gun  (B  Gun) 

4 

180.0 

80 

94.0 

62.5 

66.8 

7 

180.0 

242 

83.4 

49.5 

56.1 

8 

149.9 

279 

78.1 

38.0 

55.3 

5 

119.6 

161 

79.2 

42.2 

59.5 

2 

89.6 

150 

92.6 

53.5 

68.7 

10 

90.0 

1.2 

167.7 

127.6 

128.6 

(Source) 

74.0 

Above 

152.5 

112.6 

114J 

1 

6.8 

(Roofline) 

Above 

Insertion  Loss 

180.0 

80 

13.5 

9.2 

9.9 

180.0 

242 

7.4 

6.2 

8.2 

149.9 

279 

4.5 

6.4 

3.0 

119.6 

161 

12.8 

10.7 

8.9 

89.6 

ISO 

4il 

3.9 

3.5 

Mean  insertion  loss  for  180o 

10.5 

7.7 

9.1 

Expt:  Shed,  insulated,  S.S6  mm  gun,  Bondville  site. 

Date:  8-7-9  Test  3 

Gun@:  -1  m  Firing  south. 

Met:  Wind  600  ccw  re  south  @  0-3  mph.  Partly  cloudy. 
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TaMeS 


Measured  Wall  Insertion  Loss  for  Gun  Firing  South 


Mk# 

Angle  (deg) 

Distance  (m) 

PSPL(dB) 

ASEL  (dB) 

FSEL(dB) 

Unshielded  gun  (A  Gun) 

5 

180.0 

86 

103.7 

69.1 

75.6 

8 

180.0 

248 

90.8 

56.0 

64.0 

9 

150.5 

284 

81.1 

44.8 

58.2 

6 

121.5 

164 

92.0 

53.8 

67.2 

3 

91.9 

150 

96.8 

56.8 

71.5 

11 

90.0 

1.2 

167.2 

126.6 

127.6 

(Source) 

Above 

Shielded  gun 

(B  Gun) 

4 

180.0 

86 

95.9 

62.0 

66.1 

7 

180.0 

248 

85.1 

49.4 

55.5 

8 

150.5 

284 

79.0 

40.5 

54.0 

5 

121.5 

164 

86.8 

46.4 

62.7 

2 

91.9 

150 

96.1 

56.1 

72.2 

10 

90.0 

1.2 

166.9 

125.8 

127.0 

(Source) 

121.6 

Above 

147.3 

107.3 

108.8 

1 

7.6 

(Roofline) 

Above 

Insertion  loss 

180.0 

86 

7.8 

7.1 

9.5 

180.0 

248 

5.7 

6.6 

8.5 

150.5 

284 

2.1 

4.3 

4.2 

121.5 

164 

5.2 

7.4 

4.5 

91.9 

150 

0.7 

0.7 

-0.7 

Mean  insertion  loss  for  180°: 

6.8 

6.8 

9.0 

Expt:  Wall,  insulated,  5.56  mm  gun,  Bondville  site. 

Date:  8-7-91  Test  4 

Gun  -t-S  m  Firing  south. 

Met:  Wind  60®  ccw  re  south  @  3-6  mph.  Partly  cloudy. 
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T«kl*9 


McMiired  Shad  laacrttai  Loa  Air  Gnn  Firte(  Wat 


Mk»  Angle  (deg) Dtencc  (a)  PSPL  (Db)  ASEL  (Db)  F8EL  (Db) 
UuhMMGnMAG^ 


3 

180.0 

80 

112.2 

74.7 

83.0 

8 

180.0 

242 

%.8 

39.4 

71.0 

9 

149.9 

279 

84J2 

46.9 

61.9 

6 

119.6 

161 

90.0 

51.2 

66.1 

3 

89.6 

130 

89.7 

30.8 

65.1 

11 

90.0 

1.2 

166.7 

126.8 

127.9 

(Source) 

Above 

Shielded  Gun  (B  Gnn)  Teat  5A 

4 

180.0 

80 

91.5 

61.3 

65.7 

7 

180.0 

242 

79.4 

45.1 

51.9 

8 

149.9 

279 

75.5 

35.9 

53.5 

3 

119.6 

161 

80.4 

43.1 

59.2 

2 

89.6 

130 

94.6 

51.7 

65.3 

10 

90.0 

1.2 

166.9 

126.1 

127.3 

(Source) 

Above 

1 

74.0 

6.8 

151.1 

112.5 

113.9 

(Roofline) 

Above 

Inarthw  Loa 

180.0 

80 

20.7 

13.2 

17.3 

180.0 

242 

17.4 

14.3 

19.1 

149.9 

279 

8.7 

11.0 

8.4 

119.6 

161 

9.6 

8.1 

6.9 

89.6 

130 

-4.9 

-0.9 

-0.4 

Mean  insertion  loss  for  180”: 

19.1 

13.8 

18.2 

Expt:  Shed,  insulated,  3.36  nun  gun,  Bondville  site. 

Date:  8-7-91  Tats  3.3  &  3.4. 

Gun  -1  m  Firing  west 

Met:  Wind  60”  ccw  re  south  @  0-3  mph  variable. 


54 


TaUelt 


McMand  Wal  Imtrtiofi  Lorn  fer  Gaa  Firing  Wot 


Mic«  Angie  (deg) 

Distance  (M) 

PSPL(dB) 

ASEL(dB) 

FSEL(dB) 

UnsUeMed  Gnn  (A  Gnn)  Teat  SJ. 

3 

180.0 

86 

112J 

743 

83.0 

8 

180.0 

248 

97.3 

60.4 

71.9 

9 

130.3 

284 

84.9 

47.4 

62.4 

6 

121.3 

164 

89.6 

30.7 

66.3 

3 

91.9 

130 

90.3 

31.3 

63.6 

11 

90.0 

1.2 

163.8 

123.8 

126.8 

(Source) 

Above 

Shielded  Gun  (B  Gun)  Teat  5.L 

4 

180.0 

86 

101.3 

68.3 

72.3 

7 

180.0 

248 

90.3 

33.2 

60.9 

8 

130J 

284 

78.7 

43.3 

38.0 

3 

121.3 

164 

83.8 

46.6 

63.1 

2 

91.9 

130 

90.8 

36.4 

73.4 

10 

90.0 

1.2 

166.6 

123.8 

127.3 

(Source) 

121.6 

Above 

1303 

111.7 

113.3 

1 

7.6 

(Roofline) 

Above 

Insertkm  Loes 

180.0 

86 

10.8 

6.0 

10.3 

180.0 

248 

7.0 

3.2 

11.0 

130J 

284 

6.2 

3.9 

4.4 

121J 

164 

3.8 

4.1 

1.2 

91.9 

130 

-0.3 

-3.1 

-7.8 

Mean  Insertion  Loss  for  180° 

8.9 

3.6 

10.8 

Expt:  Wall,  insulated,  3.36  mm  gun,  Bondville  site. 

Date:  8-7-91;  Test  3.1  &  3.2 

Gun  ■t-3  m;  Firii^  west 

Met:  Wind  60°  ccw  re  south  @  3-6  mph  variable 
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AZIMUTH  (DEG  CCWrc  SOUTH),  RANGE  (METERS) 

(XlSbed  {ZlWall 

Figure  28.  Shed  and  WaU  Eiperimental  FSEL  Inaertioa  Loas  for  Gun  Firing  Normal  to 
Barrier  (South). 


150  m  161  m  279  m  242  m  80  m 
AZIMUTH  (DEG  CCWre  SOUTH),  RANGE  (METERS) 

KDShed  C^Wall 

Figure  29.  Shed  and  Wall  Experimental  ASEL  Insertion  Loss  for  Gun  Firing  Normal  U 
Barrier  (South). 


90“  120“  150“  180“  180“ 

150  m  161m  279  m  242  m  80  m 

AZIMUTH  (DEG  CCWrc  SOUTH),  RANGE  (METERS) 


^Shed  OWall 

Figure  30.  Shed  and  WaU  Experimental  FSEL  Insertion  Loss  for  Gun  Firing  Parallel  to 
Barrier  (West). 


90“  120“  150“  180P  180“ 

150  m  161  m  279  m  242  m  80  m 

AZIMUTH  (DEG  CCWre  SOUTH),  RANGE  (METERS) 


^Shed  OWall 

Figure  31.  Shed  and  WaU  Experimental  ASEL  Insertion  Loss  for  Gun  Firing  ParaUd  to 
Barrier  (West). 
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Figure  32. 


Figure  33. 


90“  120“  150“  180“  180“ 


ISO  m  161  m  279  m  242  m  80  m 
AZIMUTH  (DEG  CCW  re  SOUTH),  RANGE  (METERS) 

ESS  Shed,  paralled  (west)  QWall,  parallel  (  west) 

^ Shed,  normal  (south)  CZ  Wall,  normal  (south) 


Shed  and  Wall  Experimental  FSEL  Insertion  Loss  for  Both  Gun  Firing  Directions. 


150  m  161m  279  m  242  m  80  m 

AZIMUTH  (DEG  CCW  re  SOUTH),  RANGE  (METERS) 

SSShed,  parallel  (west)  ^  Wall,  parallel  (west) 

OShed,  n<»:mal  (soutli)  Wall,  normal  (south) 


Shed  and  Wall  Experimental  ASEL  Insertion  Loss  for  Both  Gun  Firing  Directions. 
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Shed.  Oun  @  -1  m.  Iking  tooth 

7.7 

9.1 

Wall,  Cun  @  -t-S  m,  firing  aoudi 

6.8 

9i) 

Shed,  Gun  @  *1  m,  firing  west 

13.8 

18.2 

Wall.  Gun  #  -f 5  m.  firing  west 

S.6 

ia8 

Shed- Wall  Difference,  gun  firing  south 

0.9 

0.1 

Shed- Wall  Difference,  gun  firing  west 

8.2 

7.4 

Azimuth  angle  it  meaaured  ocw  from  aoutfa 
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A  WTD  INSERTION  LOSS  (JB) 


AZIMUTH  ANGLE  (DEGREES) 


B  11/20/90,  Ob  ^  11/20/90, -1  a  ^  8/7/91, -1  a 

X  App.A  ^  Pr«vioa*MV«>ti{atioi. 


Figure  34.  Analytical  and  Experimental  A>Weighted  Shed  Insertion  Loss  for  Gun  Firing 
Normal  to  Shed  Front 
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TahteU 


The  Elfcct  of  KiceM  Atti— iHimi  oa  MtiurcJ 
loeerthn  Loee  Air  Gu  Firtaf  SMrth  (Data  of  Tehk  7) 


PSPL  ASEL  FSEL 

Expcriacalal  PereiHen  (dB)  (dB)  (dB) 


Umhkided  G«a  (A  Goa) 


Level  @  mic  #  S  (180*.  80  meten) 

107J 

71,7 

76.7 

Level  @  mk  «  8  (180*.  242  meten) 

90.8 

55.7 

64.3 

DifTerence; 

16.7 

16.0 

1X4 

Spherical  spreading:  20  log  (242/80) 

9.6 

9.6 

9.6 

Excess  Attenualioa: 

7.1 

6.4 

2.8 

Mic  #  8  cmiected  levd: 

97.9 

6X1 

67.1 

Shielded  Gmb  (B  Gan) 

Level  @  mic  #  4  (180*,  80  meten) 

94.0 

62.5 

66.8 

Level  @  mic  #  7  (180*,  242  meten) 

83.4 

49.5 

56.1 

Diffoence: 

10.6 

13.0 

10.7 

Spherical  spreading:  20  log  (2S(V88) 

9.1 

9.1 

9.1 

Excess  Attenuation: 

1.5 

3.9 

1.6 

Mic  #  7  oonected  level: 

84.9 

53.4 

57.7 

Ineertion  Loea 

UncoiiBcted  @  180*,  80  meten: 

13.5 

92 

9.9 

Uncoirected  @  180*,  242  meten: 

7.4 

62 

8.2 

Omected  @  180*,  242  meten: 

13.0 

8.7 

9.4 

Effect  of  Excess  Attenuatkm: 

-5.6 

-2.3 

-1.2 

Expt:  Shed,  insulated,  5,36  mm  gun,  Bondville  site 

Date:  8-7-91,  Test  3 

Gun  -1  m,  Riing  south 

Met:  Wind  60*  ccw  re  south  @  0-3  mph.  Partly  cloudy 
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TaUcU 


Tlw  Elfcct  af  Eia«  »ttwm«rit>ii  —  Uimut*  W«M 
bNertfaw  Lom  Itor  Gm  nrli«  Smrtk  (IMa  of  TaMe  t) 


Expcrtecalgl  Phrimsten 

PSPL 

(dB) 

ASKL 

(dB) 

FSKL 

(dB) 

Unahkldcd  gna  (A  gMi) 

Level  @  mic  #  S  (180*,  86  meten) 

103.7 

69.1 

75.6 

Level  @  mic  «  8  (180*,  248  meten) 

90.8 

56.0 

64.0 

Difference: 

12.9 

13.1 

11.6 

Spherical  spreading:  20  log  (248/86) 

9.2 

9.2 

9.2 

Excess  attenuation: 

3.7 

3.9 

2.4 

Mk  #  8  corrected  level: 

94J 

55.9 

66.4 

Shielded  gon  (B  gun) 

Level  @  mic  #  4  (18(r,  86  meten) 

95.9 

62.0 

66.1 

Level  @  mic  #  7  (180*,  248  meten) 

85.1 

49.4 

55.5 

Difference: 

10.8 

1^6 

10.6 

Sphnical  spreading:  20  log  (2S1/89) 

9.0 

9.0 

9.0 

Excess  Attenuation: 

1.8 

3.6 

1.6 

Mk  #  7  corrected  level: 

86.9 

53.0 

57.1 

Inaertioa  hm 

Uncorrected  @  180*,  80  metos: 

7.8 

7.1 

9.5 

Unconected  @  180*,  242  meten: 

5.7 

6.6 

8.5 

Corrected  @  180*,  242  mnen: 

7.6 

6.9 

93 

Effect  of  excess  attenuation: 

-1.9 

■03 

-0.8 

Expt:  wail,  insulated,  S.56  mm  gun,  BondvUle  site. 

Date:  8-7-91  Test  4 

Gun  +5  m,  firing  south. 

Met:  wind  60*  ccw  re  south  @  3-6  mph;  partly  cloudy. 
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Table  14 


Ground  IntcractloB  Ezpcrlmcnta 

Test 

Time 

Gun 

Ground  Cover 

Wind  (MPH,  from) 

Mk  Azimidh 
(deg)  rcDOr 

3 

0703 

High 

Grass 

1-^0* 

90 

4 

0709 

Low 

Grass 

1-2,0“ 

90 

10 

0834 

High 

Beans 

1-Z0“ 

90 

11 

0839 

Low 

Beans 

1-ZO" 

90 

14 

0912 

High 

Grass 

1-2, 0“,  ffisa  S 

90 

15 

0916 

Low 

Grass 

0-2,-60“,  gusts  5 

90 

'Azimuth  angles  are  measured  ccw  from  south,  which  was  the  direction  of  fire 
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_B- 0709,  Grass,  LG  __  0839,  Beans,  LG  0916,  Grass,  LG 

Figure  35.  Experimental  FSEL  for  Various  Propagation  Paths  Over  Two  Types  of  Ground 
Cover. 


_e_  0709,  Grass,  LG  0839,  Beans,  LG  0916,  Grass,  LG 

Figure  36.  Experimental  ASEL  for  Various  Propagation  Paths  Over  Two  Types  of  Ground 
Cover. 
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Waveform  for  High  Gun,  Test  3,  Round  1,  MIc  #  1  (Gun  Height  2JiS  m,  Mk  Height  1.70 


BAND  SEL(dB) 


/u 


31.5 


63  125  250  500  1000  2000  4000  8000  16000 

1/3  OCTAVE  BAND  CENTER  FREQUENCY  (HZ) 

High  Gun  -b-  Low  gun 


Figure  38.  Source  Spectra  for  High  Gun  and  Low  Gun,  Ground  Reflection  Excluded,  for 
Ground  Interaction  Experiment 


SOURCE  -  30  dB  0.5  m  1.22  m 

_B_  1.32  m  3.05  m 


Figure  39. 


Spectra  for  High  Gun  Over  Grass  for  Various  Microphone  Heights. 


BANDSEL(dB)  3  BANDSEL(dB) 


SOURCE  -  30  dB  ^  0.5  m  ^  1.22  m 

_e_  1.32  m  3.05  m 


40.  Spectra  for  Low  Gun  Over  Grass  for  Various  Microphone  Heights. 


_s_  1.32  m  a  3.05  m 


Figure  41.  Spectra  for  High  Gun  Over  Beans  for  Various  Microphone  Heights. 
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BANDSEL(dB)  BAND 


63  125  250  500  1000  2000  4000  8000 

1/3  OCTAVE  BAND  CENTER  FREQUENCY  (HZ) 

.SOURCE -30  dB  ^Oim  ^  1.22  m 

.  132  m  3.05  m 


16000 


Figure  42.  Spectra  for  Low  Gun  Over  Beans  for  Various  Microphone  Heights. 


BEANS,  HIGH  GUN  BEANS,  LOW  GUN 


Figure  43.  Spectra  at  1.22  m  Microphone  Height  for  Various  Propagation  Paths. 
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Table  15 


Overall  Samouuy  of  Ground  lateracHon  E:9eriaKBtal  Rcsnltf 


TcflI/ParaaMicra 


Tert3 

Ten  4 

Teat  10 

Tetfll 

Teat  14 

Teat  15 

07«9 

•709 

OSM 

0S39 

•912 

•916 

Mic 

Gran 

Gran 

Beane 

IUmm 

Graau 

Gran 

Hdsht 

High 

Low 

High 

Low 

Higb 

Low 

(m) 

Gun 

Gun 

Gun 

Gun 

Gun 

Gun 

FSEL(dB) 

0.5 

74.3 

74.5 

73.4 

75.6 

72.9 

711 

1.22 

79.8 

75.2 

74.9 

75.0 

76.5 

73'' 

1.32 

81.6 

76.1 

76.6 

77.1 

77.4 

73.i 

3.05 

87.7 

81.7 

85.1 

75.0 

87.4 

76 

ASEL  (dB) 

0.5 

70.7 

64.3 

68.0 

58.8 

65.9 

59.2 

1.22 

78.7 

70.3 

71.4 

62.1 

74.6 

64.3 

1.32 

80.6 

71.9 

73.5 

63.9 

75.8 

63.9 

3.05 

87.5 

80.9 

84.7 

69.1 

87.5 

72.0 

Expt:  Ground  Interaction  Experimoits,  Bondville  Site. 

Date:  8-1-91 

Mic  90  degrees,  1 10  meters,  various  heists 

Wind:  Near  Calm 

Gun:  S.S6  mm  Ruger  Mini-14  (M-16) 

Height:  Low  Gun  O.S  m.  High  Gun  2.88  m 
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TaUaM 


EfiKt  of  PMh  HdgM  oa  MwMwrad  Noto  Lml 


CiMligwalioa  ASEL  (tf)  SEL  (dB)  (Uwariglim) 


Mean  height  2.9S  m. 

Test  3: 

873 

Test  3: 

87.7 

grass,  hi^  gun. 

Test  14: 

873 

Test  14: 

87.4 

3.0S-ni  Mk. 

Mean: 

873 

Mean: 

87.6 

Mean  height  0.86  m. 

Test  4: 

70.3 

Test  4: 

75.2 

grass,  low  gun. 

Test  IS: 

643 

Test  15: 

73.7 

1.22-ni  mk. 

Mean: 

68.3 

Mean: 

74.5 

Noise  level  difference 

Test  3-4: 

173 

Test  3-4: 

12.5 

(grass). 

Test  14- 

23. 

Test  14-15: 

13.7 

15:2 

Mean: 

21.2 

Mean: 

13.1 

Mean  height  2.95  m. 
beans,  high  gun, 

3.0S  m  mk. 

(test  10). 

84.7 

85.1 

Mean  height  0.86  m. 
beans,  low  gun, 

1.22  m  mk. 

(test  11). 

62.1 

75.0 

Noise  level  difference 
(beans). 

22.6 

10.1 

70 


Shed  edge  Wall  edge  .^Source  (mic  11) 


Figure  44.  Source  and  Barrier  Edge  Spectra,  Ground  Reflection  Excluded,  for  Insertion  Loss 
Experiments. 


gun,  shed  _^B  gun,  wall  A  gun,  shed  _*_Agun,wall 


Figure  45.  Spectra  at  180  Degrees,  80  m. 


1/3  OCTAVE  BAND  CENTER  FREQUENCY  (HZ) 
_a_B  gun,  shed  _^B  gun,  wall  -e- A  gun,  shed  A  gun,  wall 

Figure  4<».  Spectra  at  180  degrees,  242  m. 


1/3  OCTAVE  BAND  CENTER  FREQUENCY  (HZ) 
_,_B  gun,  shed  _,_B  gun,  wall  _B_Agun,shed  A  gun,  wall 

Figure  47.  Spectra  at  150  degrees,  279  m. 
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BAND  SEL  (dB)  BAND  SEL  (dB) 


T 


_a_B  gun,  shed  _^B  gun,  wall  _e- A  gun,  shed  _»_Agun,wall 
Figure  48.  Spectra  at  120  degrees,  161  m. 


_a_B  gun,  shed  _,_B  gun,  wall  _e_Agun,  shed  _,_Agun,  wall 


Figure  49.  Spectra  at  90  degrees,  150  m. 
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Figure  SO.  Calculated  Insertion  Loss  for  Various  Values  of  H  (Barrier  Height  Above  Source), 
for  a  Shed  of  Infinite  Length  With  an  Isotropic  Source  Located  at  S  =  •!  m. 


Figure  51.  Calculated  Insertion  Loss  for  Varknis  Values  of  H,  for  a  Shed  Length  of  20  m  With 
an  Isotropic  Source  Located  at  S  =  >1  m. 


74 


Figure  52. 


30 


CQ 

•0  25 

C/3 

C/5 

220 

Z 

^10 


3  5 


0 


Figure  53. 


INSERTION  LOSS  (dB) 


azimuth  angle  (DEGREES) 


1  nta.MPlNlTB.AWTaHHWaWCTRURViWIOO»H 


AZIMUTH  ANGLE  (DEGREES) 


-WTD  INSERTION  LOSS(dB) 


7  CONCLUSIONS 


This  study  has  documented  an  investigation  of  die  relative  noise  reduction  poformance  of  an  opm- 
fiont  firing  shed  and  a  simple  wall  of  equal  height,  both  juxttqiosed  to  the  firing  line  in  a  manner 
consistent  widi  the  ttesign  requirements  of  a  military  small  arms  range.  The  experimmtal  Hara 
conclusively  riiow  that,  in  a  rifle  range  scenario,  the  firing  shed  and  a  rear  wall,  bodi  of  7-m  (23-ft) 
height,  are  about  equally  effective  in  reducing  small  arms  noise  in  the  regim  to  the  rear  of  a  rifle  range. 
This  is  a  consequence  of  the  sound  field  directivity  of  gun  muzzle  blast  This  result  was  confirmed  by 
calculations  using  two  radically  different  analytical  diffracticm  algorithms,  both  of  which  were  adapted  to 
account  for  source  directivity. 

This  result  contrasts  to  calculated  results  for  a  nondirective  source,  which  show  die  shed  to  provide 
about  4  dB  more  insertion  loss  than  a  simple  wall  for  the  geometry  considered  in  this  repent  Tlius  the 
added  cost  of  a  firing  shed  over  that  of  a  simple  rear  wall  cannot  be  justified  exclusively  on  the  basis  of 
improved  noise  reduction  to  the  rear.  Calculations  indicated  that,  for  the  investigated  amfiguration.  the 
optimum  waU  locadcm  (for  maximum  insertion  loss  to  the  rear)  is  about  S  m  behind  the  gun. 

However,  calculated  results  using  the  algorithm  outlined  in  Appendix  A  indicate  diat,  for  a  barrier 
of  more  modest  height,  when  the  azimuth  of  primary  concern  is  near  120  degrees  (rad^r  than  directly  to 
the  rear),  the  shed  yields  significantly  more  insertiem  loss  than  a  wall  of  equal  height,  even  when  both  are 
very  long.  The  calculated  results  for  this  exceptional  case  still  need  to  be  provoi  valid. 

The  experimental  results  also  conclusively  dem<Histrated  that  source  directivity  can  have  a  large 
effect  on  insertion  loss.  This  was  demonstrated  by  firing  the  gun  both  normal  to  and  parallel  to  the  front 
of  the  barrier. 

The  ground  effect  experiments  conducted  during  this  study  clearly  derntnistrate  that  interaction 
between  sound  waves  and  the  ground  can  greatly  affect  achieved  insertion  loss.  It  was  demonstrated  that 
attenuation  is  considerably  greater  for  propagation  paths  nearer  to  the  ground.  This  can  substantially 
reduce  the  measured  insertion  loss  of  a  high  structure  such  as  the  shed,  because  the  propagation  path  for 
the  sound  diffracted  over  the  top  of  the  structure  is  substantially  higher  above  the  ground  than  is  the 
propogaticHi  path  for  a  comparably  unshielded  gun.  It  was  also  observed  that  the  ground  covered  by 
soybeans  absorbed  more  high  frequency  sound  energy  that  did  the  ground  covered  by  grass. 

For  a  given  noise  source  and  shielding  structure  combination  in  a  realistic  propagation  scenario,  the 
sound  level  and  the  achieved  insertion  loss  can  vary  substantially  during  a  day,  from  day  to  day,  and 
throughout  the  year.  Such  variations  occur  due  to  a  variety  of  factors,  such  as  variations  in  lower 
atmospheric  microstructure  (for  example,  spacial  and  temporal  variations  in  temperature,  wind  speed  and 
direction,  and  turbuleiKe,  sometimes  due  to  solar  heating)  and  changes  in  the  interaction  between  sound 
waves  and  the  ground  (due,  for  example,  to  changes  in  soil  conditions  and  vegetative  cover).  Successful 
noise  assessment  or  mitigation  needs  to  account  for  these  factors. 

It  is  concluded  that  both  diffraction  algorithms  used  in  this  study  can  provide  valuable  design 
information.  The  conceptually  simple  algorithm  of  Appendix  A,  based  on  the  FHWA  barrier  design 
algorithm,  was  modified  to  approximately  account  for  source  directivity  and  finite  barrier  size  and  shtqie. 
The  modified  algorithm  may  sometimes  yield  inaccurate  results  for  cases  where  it  does  not  apply,  for 
example,  in  the  current  study,  the  case  of  a  gun  firing  in  a  direction  parallel  to  the  barrier.  This  dgorithm 
must  therefore  be  used  cautiously.  The  spherical  coordinate  system  analysis  of  Appendix  B  rigorously 
accounts  for  wave  diffraction  around  a  barrier  of  finite  size  but  is  limited  in  the  barrier  shapes  and  source 
directivity  patterns  it  can  model. 


78 


When  designing  barriers,  it  is  necessary  but  not  sufficient  to  account  for  the  effects  of  diffraction 
of  sound  energy  around  the  edges  of  the  barrier.  The  methods  outlined  in  this  study  can  help  account  for 
the  effects  of  the  propagation  medium  and  terrain,  and  the  interactions  between  sounds  waves  and  the 
ground  to  enable  a  more  reliable  estimate  of  actual  insertion  loss.  For  an  existing  firing  range, 
measurements  to  characterize  such  effects,  made  before  the  barrier  is  (tesigned,  can  be  useful  since  it  is 
difficult  to  estimate  ground  absorption  reliably  based  on  appearance  of  the  ground  and  ground  cover  alone. 
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APPENDIX  A:  Calculations  of  Insertion  Loss  Using  a  Simple  Approximate  Barrier  Design 
Algorithm 


Description  of  Algorithm 

One  method  often  used  to  calculate  barrier  insertion  loss  is  an  approximate  method  that  has  been 
adopted  by  the  Federal  Highway  Administraticxi  (FHWA)  for  design  of  highway  noise  barriers  (FHWA, 
April  1982);  this  algorithm  is  based  on  experimental  data  due  to  Maekawa.  It  was  chosen  for  use  here 
because  of  the  relative  simplicity  with  which  it  can  be  used  for  design  calculations.  As  described  by 
Beranek  (Beranek  1971,  pp  174-180),  this  barrier  insertion  loss  algorithm  “is  based  on  an  analytical 
approximation  of  experimental  data  which  is  consistent  with  asymptotic  results  of  optical-diffraction 
theory.  In  the  theory  of  Fresnel  diffraction,  only  that  region  of  an  incident  wavefield  that  is  close  to  the 
top  edge  of  a  barrier  contributes  appreciably  to  the  wavefield  that  is  diffracted  over  the  barrier.  For  an 
observer  in  the  shadow  zone  of  the  barrier  at  some  distance  away,  the  diffracted  sound  field  appears  to 
be  radiated  from  a  line  source  along  the  top  edge  of  the  barrier.  The  strength  of  this  virtual  line  source 
is  proportional  to  the  strength  of  the  incident  wave  at  the  edge  of  the  barrier.  The  sound  pressure  in  the 
incident  wave,  of  course,  decreases  in  direct  proportion  to  the  distance  of  the  barrier  from  a  point  source 
”  and  “. . .  if  the  point  source  is  much  closer  to  Ae  edge  than  is  the  observer,  the  strongest  section  of  the 
virtual  line  source  is  very  short  (as  viewed  by  the  observer) . .  .  .”  This  indicates  that  even  though  the 
theory  strictly  applies  for  barriers  of  infinite  length,  if  properly  used  it  can  give  reasonably  good  results 
for  barriers  of  finite  length.  The  algorithm  includes  an  empirical  adjustment  to  describe  the  insertion  loss 
for  receivers  not  shadowed  but  with  a  line  of  sight  that  passes  near  a  barrier  edge. 

In  this  algorithm  the  amount  of  insertion  loss  provided  by  a  barrier  depends  on  the  Fresnel 
number.  The  Fresnel  number  is  defined  as  N  =  25/X  where  5  is  the  difference  in  propagation  distance 
between  the  direct  path  and  the  diffracted  path  from  source  to  observer,  which  can  be  calculated  using 
plane  geometry,  and  X  is  the  wavelength  of  the  acoustic  radiation.  The  detailed  algorithm  for  calculating 
attenuation  as  a  function  of  Fresnel  number  is  available  in  references  4  and  12  of  this  report. 
Experimental  data  for  continuous  noise  has  shown  that  the  practical  upper  limit  for  achievable  insertion 
loss  should  be  taken  as  24  dB  (Beranek  1971,  p  179). 

It  is  important  to  bear  in  mind  the  limitations  and  assumptions  involved  in  the  FHWA  algorithm. 
The  algorithm  ignores  or  approximates  certain  asp«;ts  of  diffraction  that  can  result  in  bright  spots  and 
variations  in  intensity  within  and  near  the  edge  of  the  shadow  zone.  One  should  bear  in  mind  that  the 
algorithm  was  developed  for  continuous  noise  but  is  here  being  applied  to  impulse  gun  blast  noise.  The 
Fresnel  theory  of  diffraction  on  which  the  algorithm  is  based  does  not  include  consideration  of  source 
directivity.  Source  directivity  could  modify  the  field  strength  distribution  along  the  barrier  edge  in  ways 
that  would  degrade  the  accuracy  of  the  algorithm.  It  is  also  not  clear  whether  the  algorithm  is  strictly 
applicable  to  the  shed  when  the  gun  is  inside  the  shed. 

The  insertion  loss  was  evaluated  at  octave  band  center  frequencies  from  63  to  8000  Hz.  These 
spectral  insertion  loss  values  were  applied  to  the  source  relative  spectrum  and  the  resulting  spectral  levels 
were  summed  on  an  energy  basis  to  obtain  the  overall  insertion  loss  for  the  entire  spectrum.  The 
“design”  source  spectrum  used  for  the  calculations  in  the  current  study  is  a  relative  band  sound  exposure 
level  spectrum  that  was  experimentally  obtained  for  a  M-16  rifle  at  a  particular  distance  and  azimuth. 
Because  of  a  lack  of  detailed  information,  it  was  used  for  all  of  the  calculations,  which  ignores  the  fact 
that  the  actual  spectrum  might  vary  with  distance  from  the  muzzle  or  with  azimuth  relative  to  the  line  of 
fire. 
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The  FHWA  algorithm  does  not  account  for  source  directivity,  that  is,  variation  of  field  strength 
or  spectral  power  density  distribution  with  azimuth  at  a  given  distance.  This  is  a  potentially  important 
issue  for  a  gun  because  the  field  strength  is  known  to  vary  strongly  with  azimuth  angle,  and  could 
conceivably  have  an  important  effect  on  insertion  loss  for  some  barrier-source  orientations.  Recalling 
Beranek’s  phenomenological  description  quoted  above,  it  seems  clear  that  directivity  could  have  a 
significant  effect  on  the  strength  as  viewed  by  the  observer  of  the  virtual  line  source  along  the  edge  of 
the  barrier,  depending  on  where  in  the  source’s  pressure  field  the  barrier  edge  is  located.  A  first 
approximation  or  estimate,  by  no  means  exact,  of  the  effect  of  directivity  on  the  strength  of  the  virtual 
line  source  was  made  by  adjusting  the  calculated  insertion  loss  according  to  the  difference  in  source 
strength  for  the  line  of  sight  to  the  observer  and  the  line  of  sight  along  the  path  of  minimum  distance 
around  the  barrier  to  the  observer.  Gun  directivity,  expressed  as  level  in  decibel  units,  is  modeled 
according  to 


D  =  7  (1  +  cosa)  lEq  Al] 

where  a  is  the  angle  from  line  of  fire  to  the  direction  of  interest  and  D  is  the  amount  of  directivity 
expressed  in  decibels.  By  this  model  directivity  is  referenced  to  the  SEL  at  180  degrees,  as  shown  in 
Figure  2  of  the  main  text,  and  amounts  to  14  dB  directly  ahead  of  the  gun  and  lesser  amounts  in  other 
directions.  It  should  be  noted  that  this  correction  for  directivity  is  an  overall  (rather  that  spectral)  level 
correction.  It  was  adopted  because  detailed  spectral  directivity  information  for  the  gun  is  not  currently 
available.  It  would  be  desirable  to  have  directivity  information  at  several  frequencies  throughout  the 
spectrum  when  assessing  the  amount  of  energy  that  is  diffracted  around  a  barrier  edge. 


Nomenclature 

e,  =  band  sound  exposure. 

e,  =  (arbitrary)  reference  sound  exposure. 

L,  =  10  log  =  band  level. 

®r 

subscript  i  -*  frequency  band, 
subscript  j  — »  direction  to  a  barrier  edge. 

subscript  o  — f  direction  of  direct  unshielded  line-of-sight  path  from  source  to  observer. 

Dj  =  10  log  dj  =  source  directivity  for  j  direction. 

Wj  =  10  log  Wj  =  band  attenuation  of  frequency  weighting. 

Ajj  =  10  log  a^j  =  attenuation  due  to  diffraction  around  barrier  edge  for  band  i  and  direction  j. 

Algorithm 

The  insertion  loss  of  a  barrier  is  defined  to  be 
IL  =  Lo  -  Lj  =  insertion  loss 
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where  1^  is  the  sound  exposure  level  for  the  diffracted  path  and  L,  is  the  sound  exposure  level  for  the 
direct  path  from  source  to  receiver.  The  direct  path  sound  exposure  level  is  given  by: 


L,  =  D,  ♦  10  log  £  10®^  * 

‘  [EqA21 

where  denotes  die  isotropic  source  contribution,  and  denotes  the  contributiim  due  to  source 
directivity,  for  the  direct  path.  The  sound  exposure  level  for  the  diffracted  path,  assuming  nonccdierence, 
is  given  by: 


La 


10  log  ^  d,  e,w,a,j/e, 

10  log  Y,  Y 

J  i 


[Eq  A3] 


Define  the  diffracted  path  sound  exposure  level  for  an  isotropic  source  to  be,  for  direction  j, 

Lj*®  =  10  log  5^  10‘^  *  [Eq  A4] 

i 

The  sound  exposure  level  for  the  diffracted  path  can  then  be  written  as 

L,  =  10  1pg5:  10‘“j*O/«>  tEqA5] 

j 

and  the  insertion  loss  can  be  written  as 


IL  =  -  10  log  5^  10®J  *  [Eq  A6] 

j 

For  the  path  direction  used  to  characterize  diffraction  around  one  particular  edge,  the  insertion  loss  is 
given  by: 

ILj  .D„-Dj  [EqA7] 

and  the  total  insertion  loss  from  all  edges  of  a  finite  structure  is  calculated  from: 

IL  =  -10  log  10“^'*®  [Eq  A8] 

j 


Also  note  that  for  an  isotropic  source  =  Dj  =  O. 

Insertion  loss  calculations  were  made  for  a  variety  of  gun  locations  relative  to  the  shed,  both 
inside  and  in  front  of  the  shed.  For  each  gun  location,  three  separate  insertion  loss  calculations  were 
made,  one  for  each  of  the  three  edges  around  the  shed  opening,  i.e.  for  the  front  edge  of  the  roof  and  each 
sidewall.  The  calculations  were  carried  out  for  each  edge  extended  to  infinity,  as  an  estimate  of  the  broad 
band  insertion  loss  due  to  that  edge.  These  calculaticms  were  carried  out  for  the  line  of  sight  azimuth 
angle  to  each  microphone  location;  these  involved  calculation  of  spectral  insertion  loss  values  which  were 
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then  used  along  with  the  design  source  spectrum  to  obtain  a  broad  band  insotion  loss  value  for  each 
azimuth. 


An  example  of  the  detailed  spectral  calculations,  for  the  -1  m  gun  location,  is  shown  in  Table 
Al,  which  spans  several  pages.  The  calculated  isotropic  source  insertion  loss,  die  directivity  adjustment 
and  the  resultant  net  (adjusted  for  directivity)  insertion  loss  are  also  presented  in  diis  table;  the  insertion 
loss  values  are  presented  as  both  unweighted  and  A-weighted  values.  Each  of  these  quantities  is 
presented,  for  several  different  azimuths,  for  each  edge  of  the  structure  as  well  as  tl^  overall  value  for  die 
finite  structure.  The  path  length  difference  used  to  evaluate  Fresnel  number  in  each  of  these  calculations 
was  the  shortest  path  length  around  the  particular  barrier  edge.  Examples  of  the  broad  band  insertion  loss 
values  that  resulted  from  the  spectral  calculations  are  presented  in  Table  A2  for  a  variety  of  combinatimis 
of  gun  location,  direction  of  fire  and  frequency  weightings.  Tables  A3  and  A4  present  insertion  loss 
values  at  180-degree  azimuth  for  a  wide  range  of  source  locations. 
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NOTE:  LOS  -  LINE  OF  SIOHT.  THE  DIRECT  PATH  TO  THE  UNSHIELDED  OBSERVER 


MIC  LOCATION;  ANGLE  (OEQ)  120.0  RANGE  >  161.0 

EDGE;  LEFT  SIDE  WALL  GUN®  -1 

PATH  LENGTH  DELTA  (m)  =  2.00 
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LOCATION  _ 


s 

(m) 

FLAT 

OIR 

(dB) 

FLAT 

ISO 

(dB) 

AWTD 

DIR 

(dB) 

AWTD 

ISO 

(dB) 

DIR 

EFFECT 

(dB) 

-30 

23.4 

37.2 

25.7 

39.5 

-13.8 

-25 

22.7 

36.5 

25.0 

38.7 

-13.8 

-20 

21.9 

35.6 

24.2 

37.8 

-13.7 

-15 

21.0 

34.4 

23.2 

36.6 

-13.4 

-10 

20.0 

32.8 

22.2 

35.1 

-12.9 

-9 

19.8 

32.5 

22.0 

34.7 

-12.7 

-8 

19.6 

32.1 

21.9 

34.3 

-12.4 

-7 

19.5 

31.6 

21.8 

33.9 

-12.1 

-6 

19.4 

31.2 

21.7 

33.4 

-11.7 

-5 

19.4 

30.6 

21.6 

32.9 

-11.3 

-4 

19.4 

30.1 

21.7 

32.4 

-10.7 

-3 

19.6 

29.5 

21.8 

31.8 

-9.9 

-2 

19.8 

28.9 

22.1 

31.2 

-9.1 

-1 

20.2 

28.3 

22.5 

30.5 

-8.1 

0 

20.6 

27.6 

22.9 

29.9 

-7.0 

1 

21.0 

26.9 

23.3 

29.2 

-5.9 

2 

21.4 

26.3 

23.6 

28.6 

-4.9 

3 

21.6 

25.7 

23.9 

28.0 

-4.1 

4 

21.8 

25.1 

24.0 

27.4 

-3.3 

5 

21.9 

24.6 

24.1 

26.8 

-2.7 

6 

21.8 

24.1 

24.1 

26.4 

-2.3 

7 

21.8 

23.6 

24.0 

25.9 

-1.9 

8 

21.7 

23.2 

23.9 

25.5 

-1.6 

9 

21.5 

22.8 

23.8 

25.1 

-1.3 

10 

21.3 

22.5 

23.6 

24.7 

-1.1 

15 

20.4 

21.0 

22.7 

23.3 

-0.6 

20 

19.6 

20.0 

21.8 

22.2 

-0.3 

25 

18.9 

19.2 

21.1 

21.4 

-0.2 

30 

18.4 

18.5 

20.5 

20.7 

-0.2 

35 

17.9 

18.0 

20.0 

20.1 

-0.1 

40 

17.5 

17.5 

19.6 

19.7 

-0.1 
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Table  A4 


laaertioa  Lom  at  IM*  vi.  Soarce  liocarioii,  for  Stmctarc 
Laasth  of  20  ae,  Stnctarc  Height  0^  ai 


SOURCE  INSERTION  LOSS  AT  1 80*.  242  meters. 

LOCATION  _ 


s 

(m) 

FLAT 

DIR 

(dB) 

FLAT 

ISO 

(dB) 

AWTD 

DIR 

(dB) 

AWTD 

ISO 

(dB) 

DIR 

EFFECT 

(dB) 

-30 

18.8 

32.5 

21.1 

34.8 

-13.7 

-25 

18.2 

31.8 

20.4 

34.0 

-13.6 

-20 

17.5 

30.9 

19.7 

33.1 

-13.4 

-15 

16.7 

29.8 

19.0 

32.0 

-13.0 

-10 

16.1 

28.4 

18.3 

30.6 

-12.3 

-9 

16.0 

28.0 

18.2 

30.3 

-12.1 

-8 

15.9 

27.7 

18.1 

29.9 

-11.8 

-7 

15.8 

27.3 

18.1 

29.5 

-11.5 

-6 

15.8 

26.9 

18.1 

29.1 

-11.1 

-5 

15.9 

26.5 

18.1 

28.7 

-10.6 

-4 

16.0 

26.0 

18.2 

28.3 

-10.0 

-3 

16.1 

25.5 

18.4 

27.8 

-9.4 

-2 

16.4 

25.0 

18.6 

27.3 

-8.7 

-1 

16.7 

24.5 

18.9 

26.8 

-7.9 

0 

17.0 

24.0 

19.3 

26.3 

-7.0 

1 

17.3 

23.5 

19.6 

25.7 

-6.1 

2 

17.6 

23.0 

19.9 

25.2 

-5.3 

3 

17.9 

22.4 

20.1 

24.7 

-4.6 

4 

18.1 

22.0 

20.3 

24.2 

-3.9 

5 

18.2 

21.5 

20.4 

23.8 

-3.3 

6 

18.2 

21.1 

20.5 

23.3 

-2.9 

7 

18.2 

20.7 

20.5 

22.9 

-2.5 

8 

18.2 

20.3 

20.4 

22.6 

-2.1 

9 

18.1 

19.9 

20.4 

22.2 

-1.8 

10 

18.0 

19.6 

20.3 

21.9 

-1.6 

15 

17.4 

18.3 

19.6 

20.5 

-0.9 

20 

16.7 

17.2 

18.9 

19.5 

-0.5 

25 

16.1 

16.4 

18.3 

18.7 

-0.4 

30 

15.5 

15.8 

17.7 

18.0 

-0.3 

35 

15.1 

15.3 

17.3 

17.5 

-0.2 

40 

14.7 

14.8 

16.9 

17.0 

-0.1 
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APPENDK  B: 

An  Evaluation  of  Insertion  Loss 
by  a  Rigorous  Diffraction  Algorithm 
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University  of  Dlinois  at  Urbana-Champaign  and  Envircmmental  Acoustics  Team,  U.S.  Army  Ccmstruction 
Engineering  Research  Lab,  P.O.  Box  9005,  Champaign  IL  61866-9005 


INTRODUCTION 

Community  annoyance  due  to  rifle  fue  on  military  bases  has  long  been  a  subject  of  concern.  It  has 
been  suggested  that  a  shelter  erected  near  the  gun  could  effectively  reduce  blast  noise  in  specific  regions 
behind  the  shelter.  A  series  solution  for  the  field  intensities  exists  for  a  spherical  shelter  with  a 
semicircular  aperture,  which  is  assumed  to  be  a  reasonable  model  for  a  more  practical,  rectilinear  structure 
of  the  same  general  dimensions.  This  solution  then  allows  comparison  of  shelter  effectiveness  for  various 
shelter  configurations,  while  considering  source  spectral  power  distribution  and  directivity.  This  paper 
shows  the  results  of  computations  for  two  structures,  using  a  model  sound  source  typical  of  rifle  fire  noise. 

THEORY 

To  evaluate  the  effectiveness  of  such  a  structure,  several  simplyfying  assumptions  are  made.  The 
model  investigated  is  hemispherical  shell  with  a  portion  of  its  surface  vibrating,  which  is  representative 
of  the  sound  source,  and  a  rigid  section  representative  of  the  shelter  itself  (see  Figure  Bl.)  Although  a 
spherical  shelter  may  be  impractical  for  actual  construction,  investigation  of  such  a  structure  should  yield 
results  similar  to  those  achieved  from  a  rectilinear  structure,  as  sound  diffhu:tion  around  an  object  depends 
more  on  the  general  dimensions  of  the  structure  than  the  actual  details  of  construction.  Further,  the 
ground  is  assumed  to  be  perfectly  reflecting,  so  that  by  symmetry  this  case  can  be  treated  as  if  it  were  in 
unbounded  space. 

This  spherical  diffraction  problem  was  solved  for  special  cases  mote  than  1(X)  years  ago  and  has 
been  described  by  many  authors;  this  paper  presents  an  extension  of  that  solution.  The  sound  source  is 
described  as  an  axially  symmetric  function  of  radial  particle  velocities  at  the  surface  of  the  shell;  these 
velocities  are  zero  everywhere  except  for  a  constant  velocity  u„  from  zero  degrees  to  the  azimuthal  angle 
of  the  aperture  (the  dashed  lines  in  Figure  Bl): 


Figure  Bl.  Plan  and  Elevation  Diagrams  of  a  Spherical  Acoustic  Shelter. 
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t/(0)= 


[EqBl] 


Uq,  Oid<BQ 
0,  0Q<6sir 

The  surface  velocity  function  is  expanded  into  a  series  of  Legendre  fiincticMis: 

«» 

t/(0)=E 

«-0 

where  the  coefficients  U„  are  found  from  the  integral 

l/,=(m+l/2)J“f/(0)/»,(cos0)smede.  [Eq  B3] 

For  the  velocity  function  given  by  [Eq  2],  this  integral  has  the  value 

The  radiated  pressure  wave  is  described  by  the  axially  symmetric  spherical  wavefunction.  This 
wavefiincticHi  may  be  separated  into  radial  and  azimuthal  components,  which  are  Hankel  fimctions  and 
Legendre  functions,  respectively,  and  expanded  as  a  series  of  these  functions: 

•• 

p='£  A^P JCOS&)  hjjar)e-^’^*  lEq  B5] 

M"0 

The  expansion  coefficients  A„  are  found  from  the  by  utilizing  the  boundary  condition  of  particle 
velocity  at  the  surface  of  the  sphere,  found  from  the  gradient  of  the  pressure: 

po)  dr 

where 


Equating  the  surface  velocity  [Eq  2]  and  particle  velocity  [Eq  6]  series  term  by  term  yields  an  expression 
for  the  expansion  coefficients  A„  in  [Eq  5]: 


_ (2w^l) _ 

m  h„_i(,ka)  -  (m+1)  h^,^{ka) 


[Eq  B8] 


To  obtain  results  for  a  specific  gun,  field  intensities  for  each  one-third  octave  band  center  frequency 
component  in  the  spectrum  are  calculated  and  superimposed,  weighted  according  to  the  spectrum.  The 
spectrum  used  in  the  examples  in  this  ptqier  is  shown  in  Figure  B2,  and  is  assumed  to  be  representative 
of  rifle  fire. 


To  simulate  source  directivity,  the  velocity  function  f/(0)  was  modified  to  correspond  to  a  typical 
rifle  directivity  pattern  (shown  in  Figure  B3,  expressed  in  terms  of  normalized  particle  velocity.)  The 
directivity  pattern  was  approximated  by  10  constant  velocity  sections  to  facilitate  the  computation  of  the 
U„  in  [Eq  3]. 

As  the  source  fluency  increases,  the  pressure  wave  [Eq  5]  must  be  calculated  to  higher  orders  to 
maintain  a  desired  level  of  accuracy.  The  order  of  calculation  was  determined  by  observing  the 
approximate  order  past  which  the  results  were  stable.  Summations  involving  from  25  to  1000  terms  were 
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Figure  B2.  Assumed  small  arms  spectrum. 


Figure  B3.  Assumed  rifle  directivity  pattern  and  step  approximations. 

needed,  which  necessitated  the  careful  computation  of  the  intrinsic  functions  involved  in  the  calculations. 
The  computations  were  performed  on  a  80386-based  microcomputer  with  a  math  coprocessor  operating 
at  16  MHz;  up  to  6  hours  were  required  for  die  broad  spectrum,  high  frequency  cases. 

The  results  are  plotted  in  two  ways:  as  directivity  patterns  obtained  by  plotting  the  field  intensities 
in  dB,  normalized  to  the  maximum  intensity  in  each  case;  and  as  insertion  loss  for  each  structure.  The 
insertion  loss  may  be  found  by  utilizing  field  intensities  calculated  for  a  structure  with  a  180  degree 
aperture,  representative  of  an  open  source.  With  the  assumptions  that  the  inside  of  the  structure 
investigated  is  perfectly  absorbing  and  that  the  source  is  unaffected  by  the  addition  of  the  shelter,  insertion 
loss  is  calculated  as  the  ratio  of  the  field  intensities  for  the  open  source  and  the  source/structure 
combination.  In  the  plots,  0  degrees  is  directly  downrange  and  180  degrees  is  in  the  rearward  directicMi. 

RESULTS 

Two  types  of  structures  were  investigated.  The  first  was  a  quarter  sphere  (aperture  angle  of  90 
degrees)  with  a  radius  of  7  m,  referred  to  in  the  figures  as  the  Enclosure.  This  is  roughly  representative 
of  an  open  shed  7  m  high  and  14  m  wide,  which  are  the  dimensions  of  an  existing  structure  for  which 
field  data  is  available.  For  comparison,  the  second  was  a  structure  with  an  aperture  angle  of  12S.S  degrees 
and  a  radius  of  8.6  m,  which  roughly  models  a  wall  7  m  high  and  14  m  wide,  and  is  referred  to  as  the 
Wall. 


Figures  B4  and  B5  show  the  composite  results  for  an  isotropic  and  a  directional  source,  respectively, 
using  third  octave  frequencies  between  63  Hz  and  8  kHz  weighted  according  to  Figure  B2.  Results  from 
both  the  structures  are  shown  together  for  direct  comparison.  The  results  are  plotted  as  a  directivity 
pattern  of  intensity  radiating  from  the  shed;  the  values  are  normalized  to  the  maximum  sound  intensity 
for  each  case  and  presented  on  a  dB  scale. 
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Figure  B4.  Structural  directivity  patterns  for  the  composite  isotropic  source. 


Figure  B5.  Structural  directivity  patterns  for  the  composite  directional  source. 


For  the  isotropic  source  inside  the  enclosure,  the  greatest  sound  reduction  from  maximum  is  about 
23  dB  around  145  degrees,  and  for  the  wall,  intensities  are  down  by  a  maximum  of  17  dB  at  about  160 
degrees.  For  the  directional  source,  the  enclosure  performs  better  than  the  wall  by  only  about  1  dB,  with 
a  greatest  reduction  of  28  dB  at  ISO  degrees.  The  directive  source/wall  combination  has  a  maximum 
reduction  of  27  dB  at  160  degrees. 

Plots  of  structural  insertion  loss  calculated  in  the  maruier  described  above  are  shown  in  Figures  B6 
and  B7  for  an  isotropic  source  and  a  directional  source,  respectively.  As  was  indicated  in  the  structure 
directivity  plots,  the  enclosure  significantly  outperforms  the  wall  in  terms  of  insertion  loss  for  the  isotropic 
source.  The  enclosure  offers  a  maximum  of  21  dB  protection  around  145  degrees,  while  the  maximum 
reduction  for  the  wall  is  17  dB  at  about  160  degrees.  For  the  directional  source,  however,  the  best 
performance  of  the  two  structures  differs  by  only  about  1  dB.  The  enclosure  shows  a  maximum  insertion 
loss  of  15  dB  at  145  degrees,  and  the  wall’s  best  performance  is  14  dB  around  160  degrees.  It  is  perhaps 
not  intuitively  obvious  that  source  directivity  should  greatly  alter  the  relative  performance  of  the  two 
structures.  However,  similar  results  have  been  found  from  field  measurements,'  which  suggests  that 
source  directivity  must  be  considered  to  effectively  model  noise  mitigation  potential. 

Although  maximum  protection  for  a  directional  source  is  approximately  the  same  for  both  structures, 
it  should  be  noted  that  the  enclosure  shields  a  broader  range  of  angles  than  the  wall.  For  the  enclosure, 
insertitm  loss  is  above  10  dB  from  100  degrees  to  170  degrees.  For  the  wall,  such  protection  exists  only 
from  100  degrees  to  135  degrees. 
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Figure  B6.  Structural  insertion  loss  for  the  isotropic  source. 


0  30  <0  90  120  ISO  IW 
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Figure  B7.  Structural  insertion  loss  for  the  directional  source. 


CONCLUSIONS 

This  mathematical  solution  is  a  powerful  tool  for  analysis  of  the  relative  noise  reduction  potential 
of  various  acoustical  shelter  configurations.  Since  it  allows  the  consideration  of  the  source  power 
distribution  spectrum  and  the  source  directivity,  a  specific  situation  can  be  effectively  modeled,  which 
should  prove  useful  in  designing  and  positioning  acoustic  shelters. 
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APPENDIX  C:  Effect  of  Atmospheric  Absorption  on  the  Source  Spectrum 


Absorption  of  sound  energy  by  the  atmosphere  affects  spectrum  shape  because  the  atmosphere  more 
strongly  attenuates  higher  frequencies.  The  degree  to  which  a  spectrum  is  modified  can  be  estimated  by 
means  of  a  standardized  algorithm'.  The  amount  of  attenuation  depends  on  frequency,  distance  from  the 
source,  and  ambient  barometric  pressure,  air  temperature  and  relative  humidity.  Table  Cl  shows  the 
amount  of  attenuation  for  each  octave  band  for  conditions  similar  to  those  of  the  experiments  described 
in  this  report  The  effect  on  these  attenuation  values  on  the  source  spectrum  is  shown  in  Figure  Cl. 
Experimental  source  to  microphone  distances  ranged  from  80  to  284  meters.  It  is  seen  that  the  effect  of 
atmospheric  absorption  is  small  for  all  octave  bands  below  the  8000  Hz  band. 


'  American  National  Standard:  Method  for  the  Calculation  of  the  Absorption  of  Sound  by  the  Atmosphere,  ANSI  S1.26- 
1978  (American  National  Standards  Institute,  1978). 


Cl 


I 


__  SOURCE  REL.  SPECTRUM  ^  RANGE  =  100  M 
RANGE  =  200  M  ^  RANGE  =  400  M 


Figure  Cl.  Effect  of  Atmospheric  Absorption  on  Source  Spectrum  at  Several  Distances. 


Table  Cl 

Attenuation  Due  to  Atmospheric  Absorption  for  Several  Propogation 
Distances,  T=  20  ^’C,  70%  Relative  Humidity,  Standard  Sea  Level  Pressure. 


OCTAVE 

BAND 

ATTENUATION  (dB)  AT 

(HZ) 

100M 

200M 

400M 

63 

0.0 

0.0 

0.0 

125 

0.0 

0.0 

0.0 

250 

0.0 

0.0 

0.0 

500 

0.0 

0.0 

0.0 

IK 

0.0 

0.0 

0.0 

2K 

0.0 

0.0 

0.0 

4K 

0.0 

0.0 

0.3 

8K 

0.3 

1.9 

7.0 

C2 
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US  Army  MMrlolt  Toct)  Ub 
ATTN;  SLCMT-OPW  02172 

USARPAC  96U8 
ATTN:  DPW 
ATTN;  APEN-A 

SHAPE  09705 

ATTN;  InfrasOuclum  Brsncti  LANDA 

Atm  Enginosr,  AEDOAim  OMos 
Amok)  Air  FOroo  SMon,  TN  37389 

HOUSEUCOM  09128 
ATTN:  ECJ4-UE 

AMMRC  02172 
ATTN:  DRXMH-AF 
ATTN:  DRXMR-WE 

CEWES  39160 
ATTN:  Ubiary 

CECRL  03755 
ATTN:  Ubrvy 

USAAMCOM 

ATTN:  Fadltlss  Engr  21719 
ATTN;  AMSMC-EH  61299 
ATTN;  FadWss  Engr  p)  85613 

USAARMC  40121 
ATTN;  ATZIC-EHA 

Miliary  Traffic  Mgmt  Command 
ATTN:  MTEA-OB-EHP  07002 
ATTN:  MT-LOF  20315 
ATTN:  MTE-SU-FE  28461 
ATTN;  MTW-IE 

Fort  Laonaid  Wood  »473 
ATTN:  ATSE-OAC-LS  (3) 

ATTN;  ATZA-TE-SW 
ATTN:  ATSE-CFLO 
ATTN:  ATSE-DAC-FL 

MWaryOMolWASH 
FortMiMir 
ATTN:  ANEN  20319 

USA  Engr  AcIMty,  Capkai  Atm 
ATTN:  Ubrmy  22211 

USArmyARDEC  07806 
ATTN;  SMCAR-I8E 


Engr  SocMm  Ubiaiy 
ATTN:  AcquWDons  10017 

DalOnM  Nuelsar  Aganey 
ATTN:  NADS  20305 


OalanM  LoglMci  Aganey 
ATTN:  OlA-WI  22304 

Waltr  Raid  Army  MadkW  Or  20307 

National  Quard  Buraau  20310 
ATTN:  NOB-ARI 

US  MWaiy  Acadsmy  10606 
ATTN;  MAB4-A 
ATTN;  FadWM  Englnaar 
ATTN;  Qaography  6  Envr  Engrg 

Naval  FacWlM  Engr  Command 
ATTN:  MWm  Engr  Cornnand  P) 

ATTN;  DlvWonOIIOM(ll) 

ATTN:  Pu0leWoi1iaCanlsr(8) 

ATTN;  Navn  Cons6  BaltMon  Or  93043 
ATTN:  Naval  CMI  Engr  Sanrioa  Caniar  93043 

86i  US  Aniiy  Koim 
ATTN;  DPW  (12) 

USAJapM(USARJ) 

ATTN;  APAJ-EN-ES  96343 
ATTN;  HONSHU  96343 
ATTN:  DPWOitnaaia  96378 

41861  Englnaar  (Xanmand  60623 
ATTN;  Qffiaon  USAR  Or 

US  Amy  HSC 
Fort  Sam  Houaian  78234 
ATTN:  HStO^ 

FItialmona  Army  Marlcal  Or 
ATTN:  HSHO-DPW  80045 

TyndalAFB  32403 
ATTN;  HQAFCE8A  Program  Ofc 
ATTN;  Engrg  6  Srve  Lab 

USATSARCOM  63120 
ATTN:  STSAS^ 

AmanoanPublc  works  Assoa  64104-1806 

US  Army  Envr  Hyglana  Aganey 
ATTN;  HSHB44E  21010 

US  QovT  Prmmg  OMoa  20401 
ATTN;  Rse  SselDapoaK  Sae  (2) 

NatT  InalluW  ol  Standards  5  Tacb 
ATTN:  Library  20699 

OalanM  Tach  kilo  Csniar  22304 
ATTN:  OTIC-FAB  (2) 
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